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ABSTRACT
Commercial development of the fungicide prochloraz for the control of pre- and post-harvest 
diseases in fruit crops has been restricted by the occasional occurrence of ’musty’ taints. The 
primary aims of this research were to identify the cause of taint and and its means of formation.
Sensitive and selective residue methodology based upon determination by gas chromatography with 
mass selective detection was devised, validated and used to establish 2 ,4,6-trichloroanisole (2,4,6- 
TCA) as the direct cause of taint by analysis of field-treated samples and studies involving '^^ C- 
radiolabelled prochloraz. Evaluation of analytical results in conjunction with corresponding 
sensory data led to proposals of flavour threshold levels ranging between 0.04 and l.Ojug/kg for 
2,4,6-TCA in different fruit types.
Formation of the anisole in pre-harvest treatment situations was shown to proceed via the minor 
plant metabolite 2,4,6-trichlorophenol (2,4,6-TCP) as the direct precursor; under post-harvest 
conditions, however, metabolism of prochloraz was minimal, and 2,4,6-TCA taints arose primarily 
from 2,4,6-TCP as an impurity (measured at 0.9% w/w) in the commercial emulsifiable 
concentrate formulation.
Detailed investigation of the relationship between 2,4,6-TCP and 2,4,6-TCA under controlled 
conditions demonstrated that certain fruit types possess a capacity for direct 0-methylation of the 
phenol to the anisole, whereas others do not. These findings were generally consistent with 
occurrences of taints associated with prochloraz. Kinetic studies of the active O-methyltransferase 
system in apple homogenates indicated the same value for 2-chlorophenol, 2,4- 
dichlorophenol, 2 ,6-dichlorophenol and 2,4,6-TCP. Reactivity in this series was found to be _
closely related to the ability of the molecules to Jo'ibrm  effective nucleophiles for reaction with 8
s-adenosyImethionine as the assumed methyl donor, and a linear relationship was established 
between chlorophenol pKa and log(apparent Km). The O-methylation of 2,4,6-TCP, whilst 
inhibited competitively by other o-chlorophenolic substrates, remained unaffected by the addition 
of representative plant o-diphenolics previously reported as substrates for O-methylation in plants.
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1 INTRODUCTION
1.1 Background
1.1.1 The development of pesticides and their role in agriculture
Pesticides are chemicals which are designed to protect agricultural and horticultural crops 
from the attacks of various pests, and generally fall into three major classes: insecticides, 
fungicides and herbicides (or weed killers). The term agrochemicals encompasses 
pesticides but is broader and also includes chemicals which enhance the growth and yield 
of the crop (Cremlyn, 1991).
The use of chemicals to control pests (insects) possibly dates back to classical Greece and 
Rome, as Homer mentioned the fumigant value of burning sulphur. In realistic terms, 
however, the first systematic studies in this respect really began during the nineteenth 
century with the introduction of Paris green, an impure copper arsenite, in 1867 to control 
the spread of Colorado beetle in the USA (Hassall, 1990). The first commercial 
fungicide, Bordeaux mixture, was used in 1885 to control downy mildew in vines.
The large-scale pesticide industry as it is known today essentially dates from the end of 
World War II with the introduction of the phenoxyacetic acid series of selective herbicides 
and the organochlorine and organophosphorus insecticides (Cremlyn, 1991), Between 
1950 and 1960, ’second generation’ organophosphorus insecticides appeared which were 
both more selective and less toxic to higher animals, to be supplemented by carbamates 
and subsequently by a wide range of synthetic pyrethroids. Herbicide classes introduced 
from the early 1960’s include the triazines, quaternary ammonium compounds, 
hydroxybenzonitriles, diphenyl ethers and sulphonyl ureas, whilst fungicides consisted of 
benzimidazoles, pyrimidines and triazoles (Hassall, 1990). The growth of the industry 
may be represented in economic terms by the following estimate of the value of pesticide 
production in the major manufacturing countries in 1987 (U.K. Ministry of Agriculture, 
Fisheries and Food, 1989):
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Western Europe 
Far East 
United States
$5670 million 
$4835 million 
$4465 million
World population is currently increasing at a rate of around 90 million per year and 
depends upon agriculture to produce a reliable supply of wholesome food. To help satisfy 
this demand, the agrochemical industry now helps to meet the crop protection needs of 
more than 1 billion individual farmers by providing products and services which 
effectively maintain food yields at levels 30% higher than they would otherwise be 
(Finney, 1991). Between 1961 and 1988, world food production increased by an average 
of 3.67% per annum (Table 1) and it is estimated that it must increase by a further 70% 
in total over the next 40 years, even if per capita food consumption remains constant at 
today’s level, if adequate world supplies are to be maintained. Pesticides therefore have 
a key role to play in agricultural management strategies.
Table 1: Change in world food production. 1961-88
Commodity Gross Production 1988 
(Mtonnes)
% Increase p.a. 
1961 to 1988
Cereals 1800 3.11
Roots and tubers 580 0.67
Legumes, oilseeds and nuts 265 4.56
Sugarcane and sugarbeet 100 4.07
Vegetables 425 2.89
Fruits 330 2.89
Animal products 810 2.67
Meat, milk, eggs 715 2.41
Fish 95 6.30
All food 4310 3.67
In the last decade, however, the emphasis has begun to move away from the single aim 
of maximising crop yields towards the development of pesticides which are effective in 
much smaller quantities, are more selective and are more readily bio-degradable. Coupled
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with this is a heightened awareness of the ecological consequences of releasing pesticides 
into the environment and the potential hazards to consumers of edible crops which may 
contain trace residues at the time of consumption. These factors must be carefully 
evaluated by manufacturers of agrochemicals and international regulatory bodies alike 
before agrochemical products can be successfully developed for commercial use.
1,1.2 Consumer safety and pesticide residues in food
The significance of pesticide residues depends upon the nature and levels of residues in 
food, feed and the environment and upon their toxicity to man and other life forms (Willis, 
1990). Both of these factors must be considered in combination in order to provide a 
meaningful safety evaluation of agrochemicals. The necessary information is produced 
from a comprehensive series of studies conducted in the following key areas: investigation 
of the fate of the chemical in the plant systems in which its use is proposed, in order to 
develop a full understanding of its metabolic pathway and to characterise significant 
degradation products comprising the total crop residue; measurement of such residue 
components as they occur in representative crop types following application according to 
recommended use patterns; estimation of the residue intake level below which the risk to 
health is too small to be of concern by derivation from the results of long-term feeding 
studies with laboratory animals which encompass the assessment of a wide range of 
toxicological end-points.
Data obtained from the feeding studies allow the determination of an intake level which 
may be administered daily over the lifespan of an animal without causing any 
toxicologically significant effects. This No Observed Adverse Effect Level (NOAEL) 
obtained in the most sensitive species studied is used to derive an Acceptable Daily Intake 
(ADI) level for man (Joint FAGAVHG Consultation, 1988), which may be defined as the 
amount of chemical which can be consumed every day for an individual’s entire lifetime 
with the practical certainty, on the basis of all the known facts, that no harm will result. 
In the derivation of an ADI, generous safety factors (usually 100) are applied to the 
NGAEL, a rationale which allows one order of magnitude for possible variation in 
susceptability to the chemical within a species and a further order of magnitude to account 
for possible variation between species.
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Pesticide residue levels determined from supervised field trials conducted under 
recommended use regimes are used to derive a Maximum Residue Limit (MRL) for each 
of the raw agricultural commodities on which the chemical is likely to be used (Bates,
1982). These values are set at the upper end of the range of residues found from the 
supervised trials to act as a trading standard which should not be exceeded if a pesticide 
is used in accordance with recommendations. The MRL, which will not often be exceeded 
by actual crop residue levels, is used to estimate the Theoretical Maximum Daily Intake 
(TMDI) for a particular chemical from knowledge of typical daily food consumption 
factors for the particular commodities to which the chemical applies. Residue levels, and 
consequently MRLs, are most frequently expressed in terms of mg/kg of a pesticide in a 
crop. By expressing food consumption figures in terms of kg/person/day, TMDI values 
in mg/person/day, or mg/kg body weight/day (using representative body weights for the 
population being assessed), may easily be calculated for comparison against similarly 
expressed ADI values to provide an indication of risk to the consumer. When, as is 
usually the case, the TMDI is less than the ADI, it may be reasonably concluded that 
proper controlled use of the pesticide will pose no hazard to the consumer. In the event 
that an ADI is exceeded, calculations may need to be repeated using more representative 
crop residue levels which, in practice, still tend to overestimate the extent to which 
residues will actually appear in food.
1.1.3 Biodégradation of pesticides
Knowledge of the metabolic fate of pesticides in crops and the environment is necessary 
to assess the nature of any residue of the compound. Such an assessment forms part of 
the toxicological evaluation of a pesticide, and in most countries data on the metabolism 
of pesticides are required for product registration (Vonk, 1983).
Most biological organisms, including animals, plants and microorganisms, appear to 
metabolise foreign compounds, or xenobiotics, in the same general way (Shimabukaroo 
et al., 1982). In animals, biochemical reactions occur which tend to produce compounds 
that are more polar than the parent molecule and which are then more easily excreted from 
the body (Dorough and Ballard, 1982). Although the same is essentially true of plants, 
the more hydrophilic forms of the pesticide which are produced by metabolic processes
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cannot be readily excreted; plants therefore metabolise pesticides to water-soluble 
conjugates and insoluble terminal ( or ’bound’) residues which remain in the plant during 
its life, or until the organ containing the residue is detached from the plant (Baldwin, 
1977). Metabolic activities in microorganisms, however, are designed primarily for the 
production of energy, and in this respect a pesticide may not always be regarded as a 
xenobiotic since most organic materials can provide a source of energy to at least some 
microorganisms (Matsumara, 1982). Microbial degradation and the action of sunlight 
together constitute the major degradative forces operating on pesticides within the soil 
environment.
Metabolic processes may be classified according to their function into two main categories: 
Phase I and Phase II. The former usually encompasses breakdown of the starting material 
into smaller ’free metabolite’ molecules by oxidation, reduction or hydrolysis. Phase II 
concerns the in vivo conjugation of metabolites with endogenous substrates to form new 
compounds of higher molecular weight. In plants, as excretion of conjugated pesticide 
metabolites is not significant, these compounds must either be compartmentalised within 
plant cells or removed from further metabolic activity by other mechanisms. This is 
accomplished by a Phase III mechanism (Shimabukuro et al., 1982). A summary of the 
major metabolic processes applicable to the fate of pesticides in crops and the environment 
is shown in Table 2.
Table 2: Maior degradative processes in crops and the environment
Phase I Phase II Phase III
Plants
Oxidation
Reduction
Hydrolysis
Conjugation: 
Glucose 
Glutathione 
Amino acids
Secondary 
conjugation or 
incorporation 
into biopolymers
Microorganisms Hydrolysis
Reduction
Oxidation
Acétylation
Méthylation
Physical factors 
(SunIight;moisture;pH)
Hydrolysis
Oxidation
Of the Phase I degradative processes in plants, oxidation is a primary reaction. 
Comparative biochemistry has indicated that several such reactions known to occur in both 
plants and animals are possibly mixed function oxidase reactions, including those listed in 
Table 3 (Lamoureux and Frear, 1979). Some of these, however, may instead be catalysed 
by peroxidases or other oxygenases.
Table 3: Oxidative metabolic processes in plants
N-dealkylation 
0-dealkylation 
Aromatic hydroxylation 
Alkyl oxidation 
Epoxidation 
Desulphuration 
Sulphur oxidation 
Ester hydrolysis 
Nitrogen oxidation
Reductive processes in plants are less prevalent than oxidation, but hydrolysis of esters, 
amides and nitriles is common. In the microbial world, h)^olytic processes are more 
prevalent than in any other biological group, whilst oxidation is less significant. Of the 
reductive processes effected by microorganisms, de-halogenation is regarded as one of the 
most important (Esaac and Matsumara, 1979). Other metabolic reactions effecting 
pesticide degradation by microorganisms include dehydrochlorination, isomérisation and 
polymerisation. Dehalogenation, isomérisation and polymerisation can also occur by 
photochemical reaction under sunlight (Matsumara, 1982).
Phase II metabolism occurs extensively in plants, with conjugation to glucose, the most 
common endogenous substrate in plants and insects (Parke, 1968), being widely 
documented (Baldwin, 1977). Secondary metabolites containing functional groups such 
as free hydroxyl, carboxyl or amino are readily conjugated with glucose according to the 
scheme in Figure 1. The primary mechanism appears to involve a uridine 
diphosphoglucose (UDPG) as the glucose source, mediated by a UDP-glucosyltransferase 
(Pridham, 1964). Conjugates of this type normally occur as jS-glucosides, and are so 
prevalent for phenolic metabolites that free phenols are rarely observed in significant
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concentrations relative to the conjugate forms (Shimabukuro et al., 1982). 
Figure 1: General scheme for glucosvlation.
P estic id e/m etab olite----------------- ► u n \UDP-glucosyl O Î T Ttran ofû raoû  J . _Ltransferase ^  ^
Where R -  pesticide moiety
Glutathione conjugation, well-known for its importance in animals (Boyland and
Chasseaud, 1969), has become more recognised as a major metabolic reaction for pesticide 
degradation in plants, although few examples are actually recorded (Lamoureux and Frear, 
1979). Amino acid conjugation in plants, through formation of an a-amide bond, appears 
to be mainly limited to acidic herbicides, such as 2,4-dichlorophenoxyacetic acid (2,4-D), 
for which glutamic acid conjugates tend to predominate (Mumma and Hamilton, 1976)
Minor conjugation reactions such as acylation and alkylation occur most frequently in 
microorganisms. Whilst there are reports of such mechanisms in animals (Parke, 1968; 
Guldberg and Marsden, 1975), occurrences of acylation in plants appear to be few (Iwan,
1976), with no reports of alkylation.
Studies conducted with radiolabelled chemicals have indicated that the aromatic or 
heterocyclic moieties of most pesticides are not readily cleaved but instead remain in plants 
as conjugated soluble metabolites or insoluble bound residues (Kaufman, 1976). Whilst 
relatively little is known about the chemistry and biosynthesis of such residues, 
bioavailability tests generally indicate that they appear to be highly stable in the plant and 
are not readily degraded for absorption in the gastrointestinal tract of animals (Baldwin,
1977).
1.1.4 The importance of food quality
In addition to the requirement for any new pesticide to have an acceptable safety profile, 
it is important that the chemical should not significantly impair the flavour of any food 
crop to which it is applied (Price-Jones, 1967). Such impairment may imply a reduction 
in, or a masking of, the natural desirable flavours of the commodity, or the introduction 
of a new and undesirable flavour, i.e. an ’off-flavour’ or ’taint’. A full knowledge of the 
effects which pesticides may have upon consumable food commodities is therefore essential 
(Arthey, 1969), and, certainly within the U.K, forms part of the process of achieving 
product registration (U.K. MAFF, 1986). In reality, instances of taints associated with 
pesticides are rare, which is reassuring, and exceptions to this are thus worthy of further 
study. One such chemical is the fungicide prochloraz (Figure 2) , used primarily for 
broad-spectrum disease control in cereal crops, whose further development has been 
restricted by the occasional occurrence of ’musty’ taints reported from official taint tests 
conducted on a variety of fruit and vegetable crops by the Campden Food and Drink 
Research Association (CFDRA) on behalf of the manufacturing company, Schering 
Agrochemicals Limited. A detailed investigation of this phenomenon is the subject of this 
thesis.
Figure 2: Chemical structure of prochloraz
 P ' Pr
Cl
Prochloraz
i
1.2 Taint testing in the assessment of food quality
1.2.1 Physiological requirements for flavour perception
The perception of food flavour is made up from two sensations, namely taste and odour. 
The primary tastes of bitter, sweet, sour and salt are detected on the tongue and certain 
parts of the palate, with taste sensations deriving from a range of compounds which are
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generally non-volatile and present in relatively high concentrations. More importantly, 
however, it is the many hundreds of volatile compounds comprising the odour of a food 
which define the characteristic flavour and contribute to consumer preferences (Springett, 
1991(a)). Volatiles are also invariably responsible for the occurrence of off-flavours and 
taints arising from biochemical or chemical changes, microbial action or contamination.
In vertebrates, the receptor cells for odorous stimuli are located in the ’olfactory area’, 
which in man is a region in the rear part of the nasal cavity, just above the bridge of the 
nose, covering approximately 5 cm^. Between 5 x 10  ^and 10® of these cells are contained 
within a thin layer of mucosa covering a cluster of specialised nerve cells (olfactory 
neurons) forming the olfactory epithelium (Figure 3). From this structure, a bundle of very 
fine olfactory cilia protruding from the surface of the mucus layer are believed to contain 
acceptors for odour molecules within their membranes (Boeckh, 1985). The axonal 
processes of the receptor cells run directly to the olfactory bulb located in the forebrain.
Figure 3: Receptor cells in the nasal cavitv
Basal cell
Olfactory cilia
Olfactory neuron 
Supporting cell
Axon (to brain)
An explanation of the response mechanism of this system still remains speculative (Callan, 
1992), with the major theories involving changes in the phospholipid layer and enzyme 
cycles. In terms of the detection process, however, it is known that certain odours have
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extremely low receptor thresholds, as low as a few molecules in some animal species, and 
that there is hardly any organic compound which is not a potential odour source for one 
receptor cell or other in the animal kingdom. Each cell or cell type has a graded 
sensitivity, or odour spectrum, for the members of a certain chemical series, and wide 
overlap, or cooperation, between the spectra enables the formation of a large number of 
different patterns to be formed across the cell population, giving rise to the existence of 
unique ’code words’ for different substances.
Most natural odour sources obviously emit a whole range of odorous substances, and not 
simply single chemicals. This evokes a characteristic profile of responses across the 
receptor population requiring the participation of a large number of cells with a certain 
rank order of response magnitudes between them. Thus there is no single receptor type 
present for banana odour and another for apple, but rather a population of receptors which 
responds to both odours with a different pattern (Sass, 1978).
1.2.2 The taint testing process
Small deviations in the original spectrum of compounds comprising a particular flavour 
can lead to off-flavour or taint. Such circumstances may occasionally arise from the 
presence of residues of foreign substances, including pesticides. In this respect, three 
kinds of mechanisms may have an influence (Hulpke, 1969):
i) The pesticide or some degradation product may cause an off-flavour.
ii) The pesticide interferes with the biochemical metabolism causing off-flavour.
iii) The pesticide does not cause off-flavour in harvested crops, but storage or 
processing procedures subsequently do produce an effect.
In the U.K., many food processing companies and agricultural manufacturing companies 
are members of the Campden Food and Drink Research Association (CFDRA), part of 
whose work is to examine the effects of new agrochemical products on food product 
flavour (Arthey, 1969). To assess changes in flavour, CFDRA conduct ’taint tests’ which
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are based upon the flavour assessments of a panel of trained tasters. The procedure used, 
as recommended by the MAFF Advisory Committee on Taint (Arthey et al, 1968), is very 
standardised and is organised in such a way as to minimise subjective influences, which 
is obviously important to be able to obtain meaningful data.
In each taint test, a sample which has received a specified pesticide treatment is tested 
against an untreated control, although the latter will sometimes have received an 
established commercial chemical treatment in order to provide a sample of sufficient 
quality. A panel of 18 or 24 tasters sit in separate cubicles in a specially controlled 
environment which is free from external influences such as cooking smells from the 
sample preparation area and which has a coloured lighting system to mask any colour 
differences between the samples being tested. Each taster is presented with three 
identically prepared samples in identical containers distinguished only by different 4-digit 
numbers. The samples are served to the taster through a small hatch in the front of the 
cubicle.
Each set of three samples contains two of the same type and one which is different, i.e. 
either two subsamples of the treated sample and one of the control, or vice-versa. The 
tasters are then asked to taste the samples in any order and to record which, if any, of the 
samples differs from the others in terms of its flavour. If the taster feels there is a 
difference, he or she is asked to describe it and to comment as to whether or not a taint 
or off-flavour is present. A ’correct’ result is regarded as one in which the taster has 
correctly identified the ’odd’ sample in each set.
To interpret the results of the test, the number of correct results is summed and added to 
one-third of all the results where the tasters found no difference between the samples, i.e. 
no choice was made. Statistical tables are then used to evaluate the significance of the 
result at the 95% confidence level, leading to the following classifications of the results:
i) A statistically significant difference between the samples, and association of 
a taint with the treated sample. Abbreviated as ’T ’.
ii) No statistical difference, but an association of a taint with the treated sample
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in the ’correct’ judgements. Abbreviated as ’ND(T)’.
iii) A statistical difference but no taint. Abbreviated as ’NT’.
iv) No statistical difference and no taint. Abbreviated as ’ND’.
Of these categories, both ’T’ and ’ND(T)’ may be regarded as adverse results for the 
pesticide, although ’ND(T)’ will often warrant a repeat test.
1.2.3 Taints associated with agrochemicals
As stated earlier, in the U.K. taint testing data are required by MAFF as part of the 
product registration procedure. To fulfil these requirements, data must be generated from 
three consecutive years’ trials with the main formulation of the product and must involve 
a major form of processing, if applicable to the commodity in question. At least three 
taint tests are required in the first year, with two in the second and two in the third.
A review published by the CFDRA in 1978, when it was known as the Campden Food 
Preservation Research Asssociation, summarised taint research on agrochemicals covering 
the period from 1945 to 1977 (Lyon, 1978), During that period, 436 different compounds 
were examined in over 3000 tests. Out of all of these different fungicides, insecticides, 
herbicides and other agricultural chemicals, only 37 were associated with taints (Table 4). 
The review emphasised that, due to insufficient data, some of those results were 
inconclusive, but preferred to regard the implicated chemicals as suspect until proven 
otherwise. It is interesting to note that Table 4 includes a reference to prochloraz, under 
its experimental code number of BTS 40452, for adverse results in some early tests on 
blackcurrants and gooseberries.
Of the chemicals listed in Table 4, BHC (benzene hexachloride) in particular has been 
reported as a producer of off-flavours more often than any other pesticide (U.S. National 
Academy of Sciences, 1968), with taints most commonly described as ’musty’, although 
taints in arabica coffee have been described as ’bricky’. Other affected crops range from 
peaches, blackcurrants and plums to mushrooms, peanuts and turnips. The suggestion is
12-
Table 4: Agrochemicals associated with taint. 1945-77. CFDRA
Fungicides
Captan 
Daconil 
Dicloran 
Difolatan 
Ferbam 
Griseofulvin 
Lime sulphur 
BTS 40452
Metiram
Nabam
Quinomethionate
Streptomycin
Thiram
Zineb
Ziram
Herbicides Chloroxuron
MCPB
Simazine with promotryne
Aldrin Ethoate-methyl
Aprocarb Fenitrothion
BHC Formothion
Insecticides Carbaryl Malathion
Chlorbenside Phorate
Demeton-S-methyl Pirimiphos-ethyl
Diazinon Propoxur
Aldicarb PP073
Miscellaneous Dichloropropene
Ethoxyquin
Thiophanate methyl
that technical grade BHC has a more pronounced effect on flavour than either the refined 
chemical or the widely used gamma isomer, lindane (Gilpin et al., 1954), and very early 
reports (Jameson and Tanner, 1951) claim that tainting in some crops continued for several 
years after application due to the persistence of the chemical in soil.
Since 1980, reports of taints relating to other pesticides have been sparse. Melons treated 
with the organophosphorus insecticide profenofos (Figure 4) were found to contain an off- 
odour similar to the odour of the product itself (Saez et al., 1991), although subsequent 
analysis indicated that the taint was due to 4-bromo-2-chlorophenol, a degradation product 
of profenophos. A similar ’chemical-like’ taint in early-lifted potatoes grown from seed 
treated with a dust formulation of the fungicide tolclofos-methyl (Figure 4) was attributed 
to the metabolite 2,6-dichloro-4-methylphenol (Snowdon and Girdler, 1989). In a recent 
review of off-flavours in food by Reineccius (1991) however, the only reference to a 
pesticide taint concerned a ’catty’ flavour in canned raspberries. The particular pesticide 
was not mentioned, the conclusion being that the taint was due to the presence of mesityl
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oxide in the ketonic solvent used. That the pesticide itself was not a direct cause of taint 
is in keeping with the aforementioned examples, although Martin et al. (1992) have 
recently reported an off-flavour characteristic of the thiocarbamate herbicide molinate 
(Figure 4) in commercially-bred catfish.
Figure 4: Some pesticides associated with taint
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1.3 Prochloraz
1.3.1 Development and use
P r o c h l o r a z  is t he  c o m m o n  n a m e  for  l - N - p r o p y l - N - [ 2 - ( 2 , 4 , 6 -  
trichlorophenoxy)ethyl]carbamoylimidazole (Prochloraz Technical Information, 1985), a 
fungicide developed by Schering Agrochemicals Limited. It was first introduced by the 
Boots Company Limited, when its fungicidal properties were described by Birchmore 
(1977), and is officially classified by the Pesticide Manual (Worthing and Hance, 1991) 
as a conazole fungicide, possessing broad spectrum activity against higher fungi over a 
range of crops. Commercial product development, however, has focussed mainly on 
cereals, where the compound gives excellent control of Septoria spp., eyespot
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{Pseudocercosporeîla herpotrichoides), net blotch {Pyrenophora teres) and 
Rhynchosporiun^ecalis (Harris et al., 1979). The major product in this area has been a 1 -^ 
40% emulsifiable concentrate (EC) formulation known commercially as Sportak.
Other uses of prochloraz include the development of treatments against pre- and post­
harvest diseases such as Alternaria spp., Fusarium spp., Botrytis spp, and 
Colle^otrichum spp. in fruit crops, particularly citrus and tropical fruit (Prochloraz 
Technical Information, 1985). For post-harvest use, against storage diseases, the 40% EC 
formulation has again been favoured as the main commercial product, with a 50% wettable 
powder (WP) formulation of a prochloraz manganese chloride complex preferred for pre­
harvest, foliar applications, due to its reduced phytotoxicity in this form. Successful 
commercial developments on fruit crops have, however, been restricted by the occasional 
occurrence of ’taints’ or ’off-flavours’ in the harvested or stored commodity.
1.3.2 Mode of Action
Prochloraz acts by inhibition of ergosterol biosynthesis or, more specifically, through 
inhibition of sterol C-14 déméthylation (Copping et al., 1984). Sterols are constituents of 
cell membranes and are believed to participate in the stabilisation of the membranes’ 
molecular structures. In contrast to mammals and plants, whose major sterols are 
cholesterol, sitosterol and stlgmasterol, the higher fungi and yeasts generally contain 
ergosterol (Figure 5). Lack of this constituent results in the breakdown of cell membrane 
structure, and eventually in cell death (Kato, 1985).
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Figure 5: Chemical structure of ergosterol
Ergosterol C-14
The series of fungicides known as ergosterol biosynthesis inhibitors (EBI), which includes 
prochloraz, encompasses six main groups divided according to chemical structure (Kato,
1983): imidazoles (prochloraz), triazoles, pyrimidines, pyridines, piperazines and 
morpholines. The chemical structure of prochloraz in relation to other representative EBI 
fungicides from these groups is shown in Figure 6. All of the chemicals presented are 
either indicated or suggested to be inhibitors of sterol déméthylation at C-14.
In simplified terms, the key steps of the biosynthetic pathway to ergosterol in fungi involve 
the conversion of acetate to mevalonate to squalene which then undergoes cyclisation to 
lanosterol, via 2,3-oxidosqualene. Lanosterol is then converted to ergosterol by 
déméthylation at C-14 (Langcake et al., 1983). This proceeds via hydroxylation of the 
methyl group followed by elimination of the carbon atom as formic acid, as represented 
in Figure 7. The hydroxylation involves a mixed function oxidase and is mediated by 
cytochrome P-450 in the presence of NAD PH and molecular oxygen (Kato, 1983). At the 
molecular level, EBI fungicides are believed to block this initial hydroxylation by binding 
with cytochrome P-450, probably involving direct interaction of the aromatic heterocycle 
(imidazole in the case of prochloraz) with the haem unit of the cytochrome.
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Figure 6: Structural classification of representative EBI fungicides.
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Figure 7: C-14 demethvlation of lanosterol
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The mode of action of prochloraz itself has been specifically studied in cell-free extracts 
from yeast {Saccharomyces cerevisiae), separating the sterols formed in vitro by thin-layer 
chromatography (Copping et al., 1984). The accumulation of lanosterol with an associated 
depletion of demethylated sterols was consistent with an effect on C-14 déméthylation. 
These effects were observed even at the lowest concentration (0.1 fjiM) used in the 
experiment.
1.3.3 Biodégradation
The plant metabolism of prochloraz has been studied in both cereals and apples using 
radiolabelled material and may be represented schematically by the pathway shown in 
Figure 8.
In wheat plants at a vegetative stage of growth (M^Dougall, 1979), the major metabolites 
were N-formyl-N’-propyl-2-(2,4,6-trichlorophenoxy)ethylurea (BTS 44596) in addition 
to free and conjugated residues of N-propyl-N-2-(2,4,6-trichlorophenoxy)ethylurea (BTS 
44595) and 2,4,6-trichlorophenol (2,4,6-TCP). Residues in mature grain and straw, 
however, were mostly polar conjugates containing the 2,4,6-TCP moiety, with only 3 to 
5% of the radioactivity in the harvested crop being associated with 2,4,6-TCP in free 
form. By analogy, a study of the metabolism of the EBI fungicide triadimefon in barley
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Figure 8: Metabolic pathway of prochloraz in plants
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(Rouchaud et al., 1981) showed that the 4-chlorophenol metabolite appeared only in 
conjugated form in mature grain and straw, with no corresponding free residues detectable 
(Figure 9).
A separate study on the metabolism of prochloraz in apples (Kelly, 1982(a)) gave a 
slightly different picture in quantitative terms; BTS 44596 was again identified as the 
major metabolite at maturity, 63 days after application, but 2,4,6-TCP accounted for the 
same proportion (8-15%) of recovered radioactivity as the metabolite BTS 44595. 
Conjugated residues containing the 2,4,6-TCP moiety accounted for a further 3-13 %. All 
of these residues occurred in the peel; residues in the apple flesh remained at 
approximately the same low level (5-7 % of applied radioactivity) throughout the studied 
period of 16 to 63 days post-application, indicating that no significant translocation of
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Figure 9: Triadimefon and its cereal metabolites
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residues had occurred.
A laboratory study following the fate of prochloraz in a sandy loam soil at 25°C (Bruehl, 
1989) showed that, after 360 days, 26% of the applied radioactivity remained as 
unchanged prochloraz, with 20% as carbon dioxide and 40% bound. The metabolite BTS
44595 accounted for a further 4%, with only 0.3% as BTS 44596. Trace amounts (<  1 % 
each) of three unknown products were also found. Comparative work with soil thin layer 
plates irradiated with artificial sunlight for 15 days (Hawkins et al., 1989) showed BTS
44596 to be the major product formed, at 32% of applied radioactivity. The metabolite 
BTS 44595 accounted for a fiirther 10.4% whilst 38% remained as unchanged prochloraz. 
Volatile products presumed to be carbon dioxide accounted for 5.7%. An earlier study 
of the photodegradation of prochloraz in water (Haran, 1980(a)) confirmed that BTS 44596 
was the major photoproduct, accounting for 62% of applied radioactivity after 15 days, 
with small amounts of BTS 44595 (up to 6%) also identified. A number of other minor 
photoproducts were formed and, although these were not positively identified, none 
corresponded to 2,4,6-TCP.
A summary of prochloraz biodégradation in plants and the environment is presented in 
Figure 10.
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Figure 10: Quantitative comparison of prochloraz degradation in niants and snil
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1.3.4 Taint testing with prochloraz
Taint tests on crops treated with prochloraz have been carried out by the CFDRA since 
1977 and have covered a wide range of vegetable, and more particularly, fruit crops. The 
extensive database generated as a consequence has been periodically reviewed by Schering 
Agrochemicals (Whiteoak, 1988) with recommendations as to which areas of product 
development could proceed with minimal risk of taint, and which areas should be 
discontinued. Although very large testing programmes were carried out between 1980 and 
1984, further testing on potential new uses of prochloraz has continued to the present day. 
The general picture emerging from the data is summarised in Table 5, categorising the 
data according to crop type, formulation, application timing and nature of results.
The major use of prochloraz, as a cereal fungicide, has not given rise to taints in any of 
the processed derivatives, namely bread from wheat and beer from barley, in tests 
involving the standard 40% emulsifiable concentrate (40EC) formulation. In terms of fruit 
crops, this formulation has been used almost exclusively for post-harvest treatments against 
storage diseases. This normally involves dipping the harvested fruit in a diluted solution 
of the formulated product for 30 to 60 seconds. Stone fruit and apples treated in this way 
have consistently encountered taints described typically as ’earthy’, ’fusty’ or ’musty’, but 
most commonly as the latter. Tropical fruit, on the other hand, have shown similar taints 
only with certain crop types; most of these crops with inedible peel remained free from 
taint, such as avocados, mangoes, papayas, melons and pineapples, but other examples 
such as lychees and bananas have occasionally been associated with significant taints, again 
most commonly described as ’musty’. With bananas, it appears that taints from post­
harvest treatment have occurred mainly in green fruit which were treated and then ripened 
commercially rather than in more mature fruit which are consumed within a shorter period 
from treatment. Citrus fruit treated post-harvest have tended to be free of taint.
Foliar treatments of fruit crops have usually involved a multiple spray programme 
throughout the growing season, terminating at a suitable pre-harvest interval which is 
consistent with acceptable residues of prochloraz and its metabolites in the harvested 
commodity. The treatments have usually been applied with the prochloraz manganese 
chloride complex, formulated as a 50% wettable powder (50WP). In contrast to the post­
harvest treatments, taints in apples and stone fruit were less frequent when spray
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Table 5: General summary of taint tests involving prochloraz
Crop type Formulation Application type
Taint test results
Test
type
Occurrence of taint
Apples
50WP Foliar spray, 
to petal fall only
Fresh
OccasionalCanned
40EC Post-harvest Fresh Frequent
Bananas
50WP Foliar spray
Fresh
Frequent
40EC Post-harvest
Frequent for green 
fruit; occasional for 
mature
Citrus fruit 50WP Foliar spray
Fresh
OccasionalCanned
40EC Post-harvest
Fresh
Generally clear, but 
occasional taints in 
easy-peelers
Canned Clear
Grapes 50WP Foliar spray Fresh Frequent
Blackcurants,
Gooseberries 50WP Foliar spray
Fresh
FrequentCanned
Avocados,
mangoes,
papayas,
pineapples,
melons
40EC Post-harvest
Fresh Clear
Canned Clear when tested
Peaches,
nectarines
50WP Foliar spray Fresh Occasional
Lychees 45EC Post-harvest
Fresh
FrequentCanned
Tomatoes
50WP Foliar spray
Fresh Clear
Canned Occasional
40EC Soil drench
Fresh Occasional
Canned Clear
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programmes were terminated before, or shortly after, petal fall, i.e. when little or no fruit 
were present on the trees. To some extent, this situation holds true for soft fruit such as 
blackcurrants, gooseberries and grapes, although in general terms these fruit were often 
tainted from foliar treatments, again with clear associations of mustiness. For tropical 
fruit, the pattern of taints from foliar treatments appears similar to the post-harvest 
situation, although data are limited. In general, crops such as mangoes have again been 
free of taint, whilst bananas have given significant problems. Citrus fruit, especially 
’easy-peeler’ type mandarins, have shown occasional taints in the foliar situation in 
contrast to taint-free post-harvest treatments.
The development of prochloraz for use on tomatoes has involved drip irrigation and soil 
drench treatments in which the 40EC formulation was applied to the soil beneath the plants 
and not the plants themselves. Whilst the corresponding test results were somewhat 
equivocal, they have tended to indicate occasional musty taints in fresh fruit. Canned 
produce prepared from these, however, have tended to be clear. This contrasts with the 
foliar treatment of tomatoes for which the 50WP formulation was applied directly to the 
plant and for which taints have tended to be detected in the canned fruit, but not in fresh 
tomatoes.
Finally, one taint test has been performed with prochloraz itself, as a solution of 
approximately 1 mg/1 in water; no taint was reported.
1.3.5 Taint tests with structural analogues
As an attempt to gain an understanding of the cause of taint associated with prochloraz, 
further taint tests were arranged involving a group of chemical analogues of prochloraz, 
the structures of which are shown in Figure I I . Propiconazole is a commercially 
established fungicide with a similar EBI mode of action to prochloraz (Hassall, 1990) for 
which there have been no confirmed reports of an associated taint problem. The 
experimental fungicide FBC 35807 was a close analogue of propiconazole undergoing 
development trials at the time of the tests in 1983. The remaining compounds, BTS 43753 
and BTS 42902, were close analogues of prochloraz itself, the former differing in terms 
of its phenyl-ring substituents, and the latter being rendered biologically inactive by
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virtue of its tertiary-butyl substituent in the imidazole ring.
Figure 11: Chemical structures of prochloraz analogues
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Small-scale field trials with these compounds were conducted on blackcurrants and 
gooseberries, chosen as prolific ’indicator’ crops for taints with prochloraz. Four or five 
foliar sprays of each chemical were applied to separate sub-plots during fruit development 
and, for comparison in subsequent taint tests, similar sub-plots of each fruit were treated 
with the 50WP formulation of prochloraz.
The results of taint-testing are summarised in Table 6. As might be expected, significant 
musty taints were reported for prochloraz in both fruit types tested in both fresh and 
canned forms. Of the analogues, BTS 43753 was free of taint, with an indication of 
mustiness associated with BTS 42902. This particular chemical was in very limited 
supply, however, and only a single test on blackcurrants could be conducted. The 
commercial fungicide propiconazole was also free of taint, but somewhat surprisingly, the 
close analogue FBC 35807 was associated with musty taints in fresh samples of 
blackcurrants and gooseberries. These limited data, with the suggested taint from the
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Table 6: Summary of taint tests with prochloraz analogues
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inactive analogue (BTS 42902) and no taints with propiconazole, led to the tentative 
conclusion that the EBI mode of action was not implicated in the mechanism of taint 
formation.
1.4 Mustv taints and off-flavours
1.4.1 Causes of mustiness
Reports of musty taints or off-flavours have appeared reasonably frequently in the 
scientific literature since the early references to taint tests with BHC in the 1950’s 
(Jameson and Tanner, 1951). Since then, more specific investigations have been 
conducted which have tended to attribute mustiness directly to the presence of chemical 
residues of the following: geosmin, methylisoborneol, alkylated 3-methoxypyrazines and 
chlorinated anisoles. The chemical strucures of the relevant compounds are shown in 
Figure 12.
Geosmin, trans-1,10-dimethyl-trans-9-decalol, was isolated as a bacterial metabolite of 
acHnomycetes spp. in 1965 by Gerber and co-workers (Gerber and Lechevalier, 1965; 
Gerber, 1979) and named from the Greek ’ge’ (earth) and ’osme’(odour) because of its 
characteristic earthy odour. Similarly, 2-methy 1 isoborneol (MIB) is also a bacterial 
metabolite whose odour is most accurately described as ’muddy’ at low concentrations 
(Persson et al., 1980). These two compounds are responsible for common and recurrent 
problems with earthy/musty off-flavours in drinking water (Izaguirre et al., 1982; 
Izaguirre, 1988) primarily produced by the action of some actinomycetes and 
cyanobacteria species. They have similar, very low sensory detection thresholds in water 
of 20 ng/1 for geosmin (Buttery et al., 1976) and 30 ng/1 for MIB (Persson et al., 1980), 
and their presence in water supplies has led to taint problems in dry white navy beans 
(Buttery et al., 1976), processed sugarbeet (Monte and Maga, 1982), canned mushrooms 
(Whitfield et al., 1983) and brackish water clams (Hsieh et al., 1988). Additionally, 
geosmin has been reported as a cause of earthy/musty taint in wheat flour, and 
consequently bread, due to formation by streptomyces griseus in cereal grain stored under 
excessively moist conditions (Whitfield et al., 1991(a)).
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Figure 12: Compounds associated with mustiness
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The alkyl pyrazines represent an important group of flavour compounds with different 
organoleptic properties (Kinderlerer et al., 1987). In particular, the 2-alkyl-3- 
methoxypyrazines are natural flavour components of bell peppers, chilli peppers, peas and 
other vegetables (Murray et al., 1970; 1975). Their biosynthesis in plants is thought to 
involve amidation of an amino acid followed by condensation with a 1,2-dicarbonyl, and
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it has been speculated that formation of the off-flavour compound 2,6-dimethyl-3- 
methoxypyrazine as a product of bacterial spoilage may follow a similar mechanism 
involving alanine and methylglyoxal (Figure 13 ) (Mottram et al., 1984). The particular 
off-flavour associated with 2,6-dimethyl-3-methoxypyrazine, although described as musty, 
has been likened to the odour of foul drains or sour dishcloths. The related compounds 2- 
isopropy 1-3-methoxypyrazine and 2-s-butyl-3-methoxypyrazine (Figure 12) have a 
musty/potato-like odour and have been attributed to spoilage products in milk (Morgan et 
al., 1972) and fish muscle (Miller et al., 1973).
Figure 13: Biosvnthesis of 2.6-dimethvl-3-methoxvpvrazine
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Of the chemicals represented in Figure 12, the chlorinated anisoles, in particular 2,4,6- 
trichloroanisole (2,4,6-TCA) and 2,3,4,6-tetrachloroanisole (2,3,4,6-TECA), have the 
most widespread and unequivocal association with mustiness. Several reviews on the 
subject of off-flavours in foods (Whitfield, 1983; 1986; Maarse, 1985; Reineccius, 1991; 
Nijssen, 1991) make extensive reference to problems caused by the occurrence of residues
-29-
of these compounds in a variety of food commodities at concentrations below 1 ^g/kg. 
More specifically, the odour thresholds of the chloroanisoles have been determined in 
water by Griffiths (1974) and found to be as low as 4 ng/1 for 2,3,4,6-TECA and 0.03 
ng/1 for 2,4,6-TCA. These were several orders of magnitude lower than values determined 
for related di- and penta-chlorinated species (Table 7), but were higher than the odour 
threshold for 2,3,6-trichloroanisole, a compound which has not been associated with musty 
taints, presumably by virtue of its absence. In addition, the percentage distribution of 
terms used by panels of assessors to describe the odours of 2,4,6-TCA and 2,3,4,6-TECA 
showed almost full characterisation as ’musty’ or a related term such as ’damp cellars’ 
with levels of 83% and 96%, respectively.
Table 7: Odour threshold concentrations of chloroanisoles
Compound Threshold concentration 
(mg/1 in aqueous soln.)
Pentachloroanisole 4 x  W
2,3,4,6-tetrachloroanisole 4 X Id®
2,4 ,6-tr ichloroanisole 3 x  W
2,3 ,6-trichloroanisole 3 X IQ-'o
2,6-dichloroanisole 4 x  la^
2,4-dichloroanisole 4 X 10^
Anisole 5 X Id"
Work by Whitfield et al. (1987) has subsequently shown that the flavour perception levels 
of 2,4,6-TCA and 2,3,4,6-TECA vary according to the matrix in which they occur, with 
higher thresholds in food commodities than in water (Table 8). An increase in threshold 
values from water through dried fruit to plain buns was attributed to the increase in 
relative lipid levels.
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Table 8: Variation of flavour threshold with matrix type
Substrate
Flavour threshold (/Lig/1 or jug/kg)
2,4,6-TCA 2,3,4,6-TECA Pentachloroanisole
Water 0.02 0.2 3.2
Dried fruit 0.12 1.0 33.0
Fruit buns 0.21 1.9 126
Plain buns 1.4 5.8 183
1.4.2 Chlorinated anisole taints
The first association of a musty taint due to chlorinated anisoles came in 1966 (Engels et 
al.) when 2,3,4,6-TECA was found in eggs and broilers. Similar occurrences of both
2.3.4.6-TECA and 2,4,6-TCA in eggs and poultry have since been reported (Henricks and 
Lamond, 1972; Bemelmans and Ten Noever de Brauw, 1974(a); Curtis et al., 1974) and 
attributed to microbial formation of anisoles from residues of the corresponding phenols 
in wood shavings (used as litter in broiler houses) arising from the use of wood 
preservatives and disinfectants. The comprehensive work of Curtis and co-workers (1974) 
identified residues of up to 48 mg/kg 2,3,4,6-TECA in shavings, with corresponding 
phenol residues reaching 380 mg/kg. More importantly, they were able to show that
2.3.4.6-TECA residues of 5 mg/kg in the shavings resulted in tainted poultry meat, as well 
as identifying several species of fungi capable of effecting the méthylation of 2,4,6- 
trichlorophenol (2,4,6-TCP) and 2,3,4,6-tetrachlorophenol (2,3,4,6-TECP) to the 
corresponding anisoles. Subsequent studies on broiler house litter under commercial 
conditions (Land et al., 1975; Harper and Belnave, 1975) produced ’whole bird’ data 
which showed that residues of the two chlorinated anisoles ranged from 1 to 6 /xg/kg, and 
a study by Holroyd (1974) on behalf of the retailers Marks and Spencer recommended 
taint tests as a means of screening chickens to minimise customer complaints.
Since the 1970’s, chlorinated anisole taints have arisen in a number of different 
commodities, including cured tobacco (Bemelmans and Ten Noever de Brauw, 1974(b)), 
essential oils from citrus fruit (Stoffelsma and de Roos, 1973) and coffee from South 
America (Spadone et al., 1990). The latter reported 2,4,6-TCA residues between 1 and
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100 /ig/kg in the beans, and an odour detection threshold of only 8 ng/1 in brewed coffee. 
In packaged foodstuffs, extensive investigations of musty taints have been conducted by 
Whitfield and coworkers in Australia. Taints were invariably due to 2,4,6-TCA and
2,3,4,6-TECA formed from the corresponding phenols under conditions which favoured 
microbial growth. Chlorophenols used to rot-proof jute sacks (Whitfield et al., 1984) or 
as wood preservatives in the production of fibreboard boxes, paper sacks and timber 
pallets (Whitfield et al., 1985) led to musty taints in dried fruit, flour and cocoa following 
fungal méthylation of the chlorophenols under humid storage conditions during product 
shipment (Tindale, 1987). In a similar way, residues of 2,4,6-TCA and 2,3,4,6-TECA 
have been found in cheese left to ripen on wooden shelves (Maarse, 1985). Despite being 
covered with an outer plastic layer, the cheese became contaminated by migration of 
anisole residues formed by moulds growing in the wet layer between the cheese and the 
shelves which had been previously treated with chlorophenol-containing wood preservative. 
The penetrative capabilities of chloroanisoles have also been implicated in the 
contamination of solid oral pharmaceutical products by permeation of the polyethylene 
product bottles by residues of 2,4,6-TCA and 2,3,4,6-TECA formed microbially in 
cardboard shipment containers (Ramstad and Walker, 1992).
In all of the above cases, chlorinated anisole taints have arisen primarily through the use 
of disinfectant and wood preservative products containing the corresponding chlorinated 
phenols. These chemicals have themselves become virtually ubiquitous in the environment 
through the extensive use of pentachlorophenol and its derivatives as biocides, mainly in 
wood preservation, since the 1930’s (Crosby, 1981; Lampi et al., 1990; Zemek and 
Kocan, 1991), with worldwide consumption reaching 100,000 tonnes by 1985 (Butte et al., 
1985). In the UK, it has been estimated (Wild et al., 1992) that of the 300 to 400 tonnes 
of pentachlorophenol that has been used annually by UK industry over recent years, over 
100 tonnes are released directly by spillages, volatilisation or association with wastewaters. 
Chlorophenols have also arisen in the environment from chlorination processes involved 
in water treatment (Whitfield, 1983; Nystrom et al., 1992) and the bleaching of wood pulp 
for the paper industry (Paasivirta et al., 1983). To a lesser extent they have also arisen 
as by-products of agrochemical manufacture (Haque et al., 1978; Crosby, 1981). It is also 
worth noting that chlorine bleaching during cork processing has been responsible for musty 
taints in wine and brandy (Tanner et al., 1981; Buser et al., 1982; Simpson, 1990), with
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an estimated odour threshold of 0.5 ng/1 for 2,4,6-TCA reported in the former (Rigaud 
et al., 1984).
Residues of 2,4,6-TCP and 2,3,4,6-TECP, as the precursors of the corresponding anisoles 
in the above cases, have occasionally been determined in conjunction with the anisole 
residues (Curtis et al., 1974; Whitfield and Shaw, 1985; Spadone et al., 1990) and shown 
to be significantly higher in absolute terms. Chlorinated phenols are themselves capable 
of imparting an off-flavour most commonly described as ’disinfectant-like’ (Goldenburg 
et al., 1975), but, as with chloroanisoles, odour thresholds are structure-dependent and 
both 2,4,6-TCP and 2,3,4,6-TECP have relatively high thresholds (Dietz and Traud, 1978) 
compared to their corresponding anisoles, as shown in Table 9. For further comparison, 
the table includes the odour thresholds for 4-chloro-o-cresol and 6-chloro-o-cresoI 
(Figure 14). The latter has a very low odour threshold in water of 80 ng/1, and has been 
responsible for disinfectant taint in biscuits (Griffiths and Land, 1973) and chickens 
(Patterson, 1972). The 4-chloro-isomer, on the other hand, has an odour threshold which 
is approximately three orders of magnitude higher, further illustrating the extent to which 
sensory detection characterisics are governed by minor structural differences.
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Table 9: Odour threshold concentrations of chlorophenols
Compound Threshold concentration 
(mg/1 in aqueous soln.)
Pentachlorophenol 1.6
2,3 ,4 ,6-tetrachlorophenol 0.6
2,4,6-trichlorophenol 0.3
2,3,6-trichlorophenol 0.3
2,6-dichlorophenol 0.2
2 ,4-dichlorophenol 0.04
Phenol 4.0
4-chloro-o-cresol 0.12
6-chloro-o-cresol 8 X la^
Figure 14: Chemical structures of chlorinated cresols
CH
Cl OH
CH
OH
6-chloro-o-cresol 4-chloro-o-cresol
From the above review, it is clear that the term ’mustiness’ as applied to taints in a variety 
of commodities is particularly characteristic of the presence of chlorinated anisoles, 
primarily 2,4,6-TCA and 2,3,4,6-TECA. Most significantly, residues of these compounds 
are capable of producing such taints at concentration levels which are extremely low and
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often below 1 /xg/kg, depending upon the nature of the contaminated substrate. 
Consequently, any circumstances which may result in chloroanisole formation, even if only 
at trace levels, may prove to be very significant in terms of unwanted flavour defects. 
With the implication of the corresponding chlorophenols as pre-cursors in many situations, 
the same condition is equally valid for these chemicals.
1.5 Biochemical Q-methvlation
1.5.1 Reaction mechanism
A wide variety of biological transméthylations derive C, units from S-adenosylmethionine, 
which is regarded as the ubiquitous methyl donor in biological systems (Staunton, 1978). 
This compound is synthesised by the transfer of an adenosyl group from the biological 
energy store adenosine triphosphate (ATP) to the sulphur atom of the amino acid 
methionine. The reaction, which is presumed to take place by nucleophilic attack by the 
methionine sulphur atom on the methylene carbon of ATP, is unusual in that the 
triphosphate group of ATP is split into pyrophosphate and orthophosphate, the 
pyrophosphate being subsequently hydrolysed such that all of the phosphorus-oxygenbonds 
in ATP are split (Stryer, 1981). Although thermodynamically favourable, the reaction is 
catalysed by a specific enzyme which serves to bind and orientate the sulphur nucleophile 
in such a way that only attack on the methylene carbon becomes possible (Dugas and 
Penney, 1981). The biosynthesis of S-adenosylmethionine (SAM), as shown in Figure 15, 
was first reported by Cantoni (1953).
The result of SAM formation is that the methyl group of methionine is effectively 
activated by the positive charge on the sulphur atom, making it potentially a good leaving 
group when SAM donates its methyl group to a suitable nucleophile (Staunton, 1978). 
This leaves S-adenosylhomocysteine which is subsequently hydrolysed to homocysteine and 
adenosine before regeneration of methionine by transfer of a methyl group from N- 
methyltetrahydrofolate, a derivative of tetrahydrofolate, and an important and highly 
versatile carrier of one-carbon units in a variety of biosyntheses. The ’activated methyl 
cycle’ (Stryer, 1981) is then complete, as represented in Figure 16
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Figure 15: Biosvnthesis of S-adenosvlmethionine
M e th io n in e H
CH — S — CH — CH — 6 —C O O H3 .. 2  2
OH OH OH
H O - P — 0 - P — 0 - P - . 0 - C H
h  6
ATP
E n z y m e , 
M g 2 +
CH-CH - C H  -S -C H  
HOOd  ^ ©
SAM
+ RPR:
In accordance with all methyl transfer reactions involving SAM, O-methylation is mediated 
by a methyltransferase enzyme with SAM acting as a coenzyme. The mechanism itself 
appears to require that SAM is bound firstly to the 0-methyltransferase (OMT) before 
binding of the substrate can occur (Sharma et al., 1979), and it has been suggested that 
the induction of a specific substrate binding site, absent from the free enzyme, occurs upon 
binding of SAM. Methyl transfer to the substrate is then direct, following a classical SN^ 
mechanism requiring linear arrangement of the nucleophile, methyl carbon and thioether 
leaving group in a transition state (Coward, 1977). This mechanism has been confirmed 
by following the stereochemical course of the reaction using chiral (deuterated and 
tritiated) methyl groups (Woodward et al., 1980; Coward, 1982) to show net inversion of 
configuration at the methyl group as a result of the transfer (Figure 17). More recent
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Figure 16: Activated methyl cvcle
ATP
Methionine
S-adenosyl­
methionine
Homocysteine— CH
Active
^ C H .
S-adenosyl-
homocystelne
studies by Piedrafita et al. (1992) gave findings which were consistent with this ordered 
reaction mechanism.
Figure 17: Inversion of methvl group configuration during O-methvlation
S — Ad
,CH 
^C O O H
o COMT
COMT -  C atechol O -m ethyltransferase
A typical feature of transmethylation reactions involving SAM, whether catalysed by 0 -, 
N- or S-methyItransferases, is that they are strongly inhibited by S-adenosylhomocysteine,
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the product of déméthylation of SAM (Poulton, 1981). The inhibiton by S- 
adenosylhomocysteine is competitive, as shown by in vitro studies (Poulton and Butt, 
1975; Coward et al., 1973), and is of probable significance in the in vivo regulation of 
transmethylation.
1.5.2 Microbial O-methvlation
Since the speculated microbial formation of 2,3,4,6-TECA in chicken litter (Engel et al., 
1966), there have been many reports of the O-methylation of chlorophenols and related 
compounds by microorganisms, primarily as part of studies to investigate the 
biodégradation of such chemicals in the environment. Loos et al. (1967), studying the 
bacterial degradation of the herbicide 2,4-D (2,4-dichlorophenoxyacetic acid) found that 
Arthrobacter sp, produced 2,4-dichloroanisole via its corresponding phenol. Malt extract 
solutions of Trichoderma virgatum were found to methylate pentachlorophenol to the 
corresponding anisole (Cserjesi and Johnson, 1972), giving yields of 10 to 20% after 
incubation for 8 days, and it was postulated that, as the remaining 80 to 90% of the free 
phenol was not recovered, O-methylation may have been a first step in the degradation 
process. In 1974, further work on wood shavings with respect to musty taints in broiler 
houses (Gee and Peel, 1974) identified several fungal species capable of 0-methylating
2,3,4,6-TECP. Later work has identified several other bacterial species capable of 
effecting O-methylation of chlorinated phenols in wastewater and soil, and a summary of 
findings is presented in Table 10.
Additionally, in one of the more recent studies, Neilson et al. (1988) reported specific 
affinities for the O-methylation of a range of chlorinated phenolic species by a strain of 
Rhodococcus sp. . These data, re-expressed as affinities relative to the most effective 
substrate, 2,6-dichlorothiophenol, are summarised in Table 11.
The collective evidence from all of this work led Allard et al. (1987) to conclude that 
bacterial O-methylation of halogen-substituted phenols is a ubiquitous reaction; it provides 
a detoxification mechanism for microorganisms that is an important alternative to 
biodégradation. The methylated products have been shown to be less toxic to the 
organisms than the parent phenols (Allard et al., 1985), but more resistant to further
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Table 10: Microorganisms effecting O-methvlation
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Table 11: Relative activities of Rhodococcus sp. for chlorinated phenolics
Substrate S p ec ific  activ ity  (relative to 2 ,6 -  
dich loroth iop henol)
2 ,6 -d ich lorop h en o l 4 .0
2 , 6-d ibrom ophenol 8 .2
2 ,6 -d ich lo ro th io p h en o l 100
2 ,4 ,6 -tr ich lo ro p h en o I 11
2 ,4 ,6  -tribrom ophenol 5 .8
3 ,4 ,5-trichlorophenoI 0 .8
P en tach lorophenol 1.1
P en tach loroth iophenol 88
P en tafluoroth iopheuol 4 4
3 ,4 ,5 -tr ich lo ro g u a ia co l 3 .5
4 ,5 ,6 -tr ich lo ro g u a ia co l 5 .1
T  etrachloroguaiacol 1.1
3 ,4 ,5 -tr ib rom ogu aiaco l 1 .5
4 ,5 ,6-tribrom oguaiacol 5 .5
T  etrabrom oguaiacol 1 .7
3 ,4 ,5 -tr ich lo ro ca tech o l 9 .2
T etrachlorocatechol 4 .0
3 ,4 ,5 -tr ib rom ocatech o i 27
T  etrabrom ocatechol 7 .2
transformations (Neilson et al., 1983). This has implications in terms of potential 
bioaccumulation in other organisms.
1.5.3 0-methvlation in plants
Méthylation fulfills many physiological ftinctions in plants, and O-methylation in particular 
is an important reaction in the biosynthesis of plant phenolic compounds (Poulton, 1981). 
Such compounds are widely distributed in the plant kingdom, and two important groups 
are the flavonoids, which are involved in determining colour and flavour, particularly in
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fruits, and the polymeric lignins, which are essential structural components (Monties, 
1989). Both are related in that their biosyntheses arise via phenylpropanoid metabolism, 
as outlined schematically in Figure 18 (Poulton et al., 1976). Most reports of O- 
methyltransferase activity in plants relate to the méthylation of phenylpropanoid and 
flavonoid compounds.
Figure 18: Phenvlpropanoid metabolism
COOH
(CH3O) OH
ÔH
Caffeic ad d  
y  (5-hydroxyferulic acid)
COOH
PAL
- - ■ <
OHPhenylalanine Cinnamic acid OH
HO.
(OH)
Luteolin
PAL -  Phenylalanine ammonia-lyase (Quercetin)
Two O-methylation reactions involved in lignin biosynthesis are the conversion of the 
phenylpropanoid structures caffeic acid and 5-hydroxyferulic acid (Figure 18) to the 
corresponding ferulic and sinapic acids, respectively ( Grisebach, 1976), following the 
discovery by Nelson and Finkle (1964) of catechol O-methyltransferases in apple cambium 
tissue which methylated caffeic acid specifically at the meta-position. These enzymes 
methylate 1-substituted 3,4-dihydric phenols using SAM as the methyl donor, but 
monophenols are not accepted as substrates.
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Since the time of that first discovery, similar O-methyltransferase (OMT) systems have 
been reported in cell suspension cultures of other organisms such as parsley (Ebel et al., 
1972), soybean (Ebel et al., 1974) and tobacco (Poulton et al., 1976; Tsang and Ibrahim, 
1979). In soybean, however, two distinct OMTs were defined, one as CMT for the 
méthylation of substituted cinnamic acids such as caffeic and 5-hydroxyferulic acids, as 
mentioned above, and one as FMT for flavonoid substrates such as quercetin. Two 
similarly distinct OMTs have also been purified from apple fruit cell suspension cultures 
(Macheix and Ibrahim, 1984), designated COMT and QOMT for caffeic acid and 
quercetin, respectively. The pH ranges for optimum activity of these types of enzymes are 
reported to be between 6.0 and 8.0 for COMT and 8.7 to 9.7 for FOMT (Poulton, 1981). 
Furthermore, in tobacco cell suspension cultures (Collendavelloo et al., 1981), three forms 
of OMT have been reported, one of which showed greater affinity for cinnamic acid type 
substrates than for catechol, and the other two of which showed a reversed affinity, but 
similar to each other. The three forms additionally showed some para- as well as meta­
directing activity with protocatechuic acid (Figure 19).
Figure 19: Chemical structure of orotocatechuic acid
COOH
OH
OH 
Protocatechuic acid
In plants, the levels and activities of OMTs can be related to the stage of development of 
the organism or individual tissue (Wiermann, 1981), such that there may be an increase 
in OMT activity with increased ethylene. For example, studies on swede root discs 
(Rhodes et al., 1976) and potato discs (Camm and Towers, 1973) indicated a slight 
increase in OMT activity during aging, stimulated by ethylene. This may be an important 
consideration, as ethylene is a plant growth hormone which is produced in increased 
amounts by ripening fruit at the onset of the ’climacteric’, the stage at which carbon
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dioxide output shows an inflection point during respiration (Galston and Davies, 1970; 
Rhodes, 1980). The O-methylation co-enzyme SAM plays an important role in this 
process as an intermediate in the conversion of methionine to ethylene, as illustrated in 
Figure 20 (Adams and Yang, 1977). However, as with the active methyl cycle, methionine 
is recycled and it has been shown that SAM is maintained at a steady-state level in apples 
even when ethylene is actively synthesised (Wang and Faust, 1992), and also in sour 
apricot fruit discs when treated with exogenous ethylene (Sawamura and Miyazaki, 1989). 
Figure 20: Role of SAM in the biosvnthesis of ethvlene
3Pi
SAM ACC + COg + N l t  + C2H4
ATP
MethionineA MTA
NH
a-KM B AdeMTR
HCOOH
ATPMTR-I-P
ADP
Ade -  Adenosine
ADP -  Adenosine diphosphate
ATP -  Adenosine triphosphate
SAM "  S-adenosylmethionlne
ACC -  1-amlnocyclopropane-1-oarboxyllc add
MTA -  5'-methylthloadenoslne
MTR "  5>methylthlorlbose
MTR-1-P -  5-methylthloribose-1-phosphate
«-KMB -  «-keto-Y-methylthlobut^o add
1.5.4 Q-methvlation in animals
Early work by Axelrod and Tomchick (1958) demonstrated the O-methylation of the 
important catecholamine hormone epinephrine to metanephrine by a catechol OMT in rat 
liver, as illustrated in Figure 21. In addition to the coenzyme SAM as a methyl donor.
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the enzyme required divalent metal ions such as for activity, and had a sharp pH 
optimum of around 7.9 (Coward et al., 1973). Other physiological substrates reported in 
reviews by Guldberg and Marsden (1975) and Borchardt (1980) include dopamine, 3,4- 
dihydroxyphenylalanine, 3 ,4-dihydroxymandelic acid, 3,4-dihydroxybenzoic acid, 3,4- 
dihydroxypheny lethanol, 3,4-dihydroxyphenylglycol, N-acetyldopamine and N- 
acetyInoradrenaline, all of which are characterised by a catechol configuration. As with 
plant OMTs, some activity is also shown towards para-methylation of compounds like 
epinephrine to form paranephrine, but further méthylation to the dimethoxy derivatives 
does not occur (Frere and Verly, 1971)
Figure 21: O-methvlation of epinephrine to metanephrine
COMT
C H .— N
E pinephrine M etanephrine
1.5.5 O-methvlation of xenobiotics
Early work by Greenberg (1963) confirmed the biosynthesis of methionine in bacteria and 
the existence of the active methyl cycle, indicating that the mechanism of O-methylation 
is essentially the same in all living systems. It is interesting to note, however, that the O- 
methylation of monohydric phenols has only been reported for microorganisms; in higher 
plants and animals, reference has been made only to 3,4-dihydric, or catecholic, 
substrates. By analogy with microorganisms, a review of the uptake and metabolism of 
pentachlorophenol in animals (Crosby, 1981) refers to elimination of the dose as
-44-
unchanged pentachlorophenol and its glucuronide conjugate, or as tetrahydroquinone, with 
no mention of the appearance of chlorinated anisole residues. In higher plants, there are 
no clear references to O-methylation of chlorinated phenols, or other xenobiotics, although 
a study on rice plants grown in soil treated with ‘‘*C-radiolabelled pentachlorophenol 
(Weiss et al., 1982(a,b)) showed that a small amount, 0.07%, of applied radioactivity was 
recovered in rice roots in the form of chlorinated anisoles. Under the conditions of the 
study, however, the possibility of formation by soil microorganisms (McCall et al., 1981) 
and subsequent uptake by the plant cannot be eliminated.
1.6 Determination of residues
1.6.1 General considerations
Chemical residues which may need to be measured as part of investigations into taints 
arising from the use of agrochemicals may be present at only very low concentrations for 
significant problems to occur. In many cases, concentrations below 1 ppb (jttg/kg) may 
be sufficient (Whitfield and Shaw, 1985), although this will depend to some extent on the 
nature of the substrate in which the problem has been incurred. To assist the identification 
of a particular cause of taint and enable quantitative evaluations to be made, appropriate 
strategical approaches must be developed towards the determination of residues. c f
The measurement of small concentrations of pesticides and related chemicals in the 
presence of a wide range of other chemicals that occur naturally in food commodities is 
particularly challenging. The basic steps involved in the analytical methodology devised 
to meet such a challenge can usually be classified into four basic steps (U.S. Congress, 
Office of Technology Assessment, 1988):
Sample preparation: Chopping, grinding or separating plant parts.
Extraction: Removal of pesticide and metabolite residues from
sample’s other components.
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Clean-up: Removal of constituents that interfere with the analysis
(inludes partitioning and purification steps).
Determination: Measurement of analytes by separation from
coextractives using chromatography.
The strategy chosen, however, does vary from case to case and is governed by the 
chemistry of the analyte(s), the nature of the matrix and the desired limit of determination.
For crop residue analysis, representative sub-samples, pre-chopped or ground, depending 
upon the nature of the substrate, are usually extracted with a suitable organic solvent, or 
solvent mixture, either by homogenisation of the sample in the solvent or more 
exhaustively by soxhlet extraction. The latter procedure effectively provides numerous 
extraction cycles during which the sample is re-extracted with freshly distilled solvent, 
thereby making it a highly efficient process but with the drawback that coextractive levels 
tend to be higher as a result (Mumma et al., 1966). By careful evaluation of extraction 
efficiency, the optimal approach will provide efficient extraction of the required analytes 
with minimal coextraction of endogenous materials, although in practice this is often 
difficult to achieve, necessitating further clean-up of the raw extract.
An alternative to conventional solvent extraction is the use of supercritical fluid extraction 
(SPE), which has the potential to yield high recoveries of extracted chemicals in a short 
time at temperatures slightly above ambient (40 to 50°C), thereby minimising chemical 
decomposition. Carbon dioxide is widely used for this purpose under supercritical 
conditions (Flament et al., 1987), and some degree of extraction selectivity can be achieved 
by controlling the extraction pressure. The extract has an added advantage, under 
conditions where extraction is sufficiently selective as to preclude further clean-up, of 
possible direct transfer by on-line coupling to a gas or supercritical fluid chromatograph 
for final determination of residues (Smith, 1988). The major disadvantage of SEE at 
present is a practical one, in that samples to be extracted must be packed into a sealed 
stainless steel column in order that supercritical conditions may be maintained; the types 
of sample suited to the process are therefore limited.
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Extract clean-up is usually achieved by a combination of liquid-liquid partition (between 
two immiscible solvents) and purification by preparative chromatography (Walters, 1986). 
The latter usually consists of of an adsorptive chromatographic procedure based upon the 
interaction of the solutes in the extract with an adsorptive surface, typically silica gel or 
silica whose retentive surface has been chemically modified to offer different selectivities. 
Solid Phase Extraction (SPE) cartridges, in which the adsorptive particles have been 
packed into an open-ended plastic tube, have become the established and preferred means 
of effecting this clean-up, offering the advantages of batch to batch repoducibility, high 
sample throughput, low solvent use and adaptability to automation. Despite the wide 
range of solid phases now commercially available in these cartridges, they do have a 
disadvantage in terms of their limited capacity, and there may be particular applications 
where higher-capacity gravity columns are preferred. Alternatively, and more particularly 
if an extract has a high coextractive level of fat or oil, gel permeation chromatography is 
an effective means of separating pesticide analyte molecules from materials of high 
molecular weight by employing a size-exclusion mechanism through porous polymeric 
beads (Tindale and Stalling, 1972).
The final quantification of pesticide residues requires separation of the analytes from 
coextractive materials retained in the extract, and for this reason chromatography is used. 
Gas chromatography, first described as a means of determining pesticide residues over 
thirty years ago (Bevenue, 1963) and now operated almost exclusively with robust, 
reproducible fused-silica columns with high separation efficiencies (Marsden, 1991), has 
become established almost as the standard approach, mainly because of the high degree 
of sensitivity offered towards the detection of pesticide molecules. Historically, the 
electron capture detector (BCD) was the first to be used for pesticide residue analysis, 
being very sensitive towards halogenated compounds with high electron affinities 
(Bevenue, 1967). There are, however, a range of detector sytems available for gas 
chromatography (GC) offering different selectivities in combination with sufficient 
sensitivity of detection (Table 12). These include the mass selective detector (MSD), 
which can provide the very high specificity of selected ion mode (SIM) operation as well 
as giving qualitative information on chromatographic peaks by recording mass spectra in 
full scan, or total ion current (TIC) mode (Karasek and Clement, 1988).
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Table 12: Gas chromatography detectors used in pesticide residue analysis
Type Selectivity Approx. detection  
limit
E xam ples o f  
pesticides detected
A lkali flame(AFED) O rganic P , N 10-‘2g p
10-'°g N
T riazine herbicides
Electron
capture(ECD)
E lectronegative
groups
lO '^g C l/sec as 
lindane
O rganochlorines
Flam e
photom etric (FPD)
O rganic P , S lO '^g P /sec  
2 X 10"'^g S /sec
Organophosphates
Nitrogen-
phosphorus(N PD )
O rganic P , N < 2  X lO '^g P /sec  
< 4  X lO '^g N /sec
O rganophosphates
M ass selective(M SD ) Everything except 
carrier gas
10 " g (SIM) All pesticides
In the event that a particular analyte may be relatively involatile, or thermally labile, the 
separation process of GC, which takes place at elevated temperatures in a controlled oven, 
may be unsuitable. High performance liquid chromatography (HPLC), in which most 
separations are achieved under room temperature conditions, may provide a feasible 
alternative, although generally speaking, the technique is less suited to trace analysis 
applications due to limitations in detector sensitivity and selectivity. The most common 
detector system is based upon U.V. absorption and, although many pesticides have 
favourable absorption characteristics, most organic coextractives do too. An efficient 
chromatographic separation is therefore essential under these circumstances, but 
unfortunately HPLC columns do not possess the same high efficiencies as capillary GC 
columns. More specific, and sensitive, detection in HPLC is offered by the use of 
spectrofluorimetric detectors, but as few pesticide molecules are naturally fluorescent, 
chemical derivatisation procedures are often necessary. These can be performed either 
pre-column, as an off-line reaction (Ross, 1977; Seiler and Demisch, 1977), or post­
column prior to elution of the solutes into the detector (Frei and Santi, 1975). A further 
option is the formation of fluorescent molecules by photolysis in a photoreactor located 
before the detector (Krull and LaCourse, 1986), and another possibility, for the detection
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of electroactive functional groups, is tlic electrochemical detector (Ahuja, 1989 ).
By analogy with the MSD for GC, photodiode array detectors may be used with HPLC 
which are capable of recording complete absorption spectra during a chromatogram 
(Huber, 1989). Whilst tliis may be used to some extent as a tool for molecular 
identification, U.V. spectra for most organic compounds are much less definitive than their 
corresponding mass spectra.
1.6.2 Analysis of volatiles
As discussed previously, compounds directly responsible for causing taints are invariably 
volatile in nature and, whilst their determination in food commodities is subject to the 
analytical considerations outlined above, there are also alternative strategies available 
which exploit their volatility.
The first step in the analysis of flavours (or off-flavours) is to obtain a volatile extract 
from the bulk of the food matrix in sufficient quantities to allow meaningful determination 
(Springett, 1991(b)). There are a number of approaches referred to in the literature which 
are best suited to different applications.
Headspace analysis is an excellent starting point for the examination of aroma substances 
in fresh plant tissue (Murray and Whitfield, 1975). This approach involves the collection 
of volatiles from the vapour, or headspace, in equilibrium with the sample, usually heated 
in an aqueous medium, under enclosed conditions. The extract may be obtained by 
blowing the volatiles onto a porous polymer trap (Murray, 1976) or, in a closed loop 
stripping system, circulating the headspace for 20 minutes around an enclosed circuit 
containing a charcoal trap by using a small bellows pump (Springett and Ongley, 1993). 
The trapped volatiles may then be desorbed either by elution using an organic solvent prior 
to GC determination, or directly desorbed into a GC injector, this option allowing the 
examination of components which may otherwise elute with an injection solvent. 
Headspace analysis has proven to be successful for fruit volatiles (Rizzolo and Polesello, 
1992).
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Distillation has been used for the isolation of volatiles in foods, but has the drawback of 
large volumes of water which are co-distilled. Direct solvent extraction, as discussed in 
section 1.6.1, offers a simple alternative, which has been successfully applied to the 
determination of anisoles in vegetable oils (Williams, 1992), although coextractive 
materials may cause problems without a further clean-up stage being incorporated into the 
method. A generally preferred approach combines both of these techniques in a special 
distillation unit developed by Likens and Nickerson (1964) for the determination of hop 
oil constituents in brewing products. The unit, shown in Figure 22, allows simultaneous 
condensation of a steam distillate and an immiscible extracting solvent, which effectively 
concentrates extracts by collecting the volatiles in a small volume of the solvent. It was 
subsequently modified for broader applicability to the isolation of volatiles from food and 
beverages (Schultz et al., 1977) by increasing the condenser surface and providing a 
vapour mixing chamber at the top of the condenser to improve extraction efficiency. Since 
then, the apparatus has been used extensively for the determination of trace volatile 
residues and almost exclusively for the determination of chlorinated anisoles in conjunction 
with GC/mass spectrometry (Whitfield, 1983; 1986; Nijssen, 1991).
As implied above, capillary gas chromatography is the preferred method of determination 
of volatiles, usually coupled to a mass spectrometer (Whitfield et al., 1986; Robinson, 
1991). The latter is normally employed in selected ion mode (SIM), in which a small 
group of characteristic fragment ions are selected from the electron impact (El) mass 
spectrum of the analyte and used to monitor the GC effluent (Karasek and Clement, 1988). 
The selectivity conferred by this approach may in some cases allow the resolution of what 
may appear to be homogeneous chromatographic peaks (Thomas et al., 1984), and the 
characteristic ratios of fragment ions provide a confirmatory aspect to the analysis. The 
pre-requisite for this, of course, is that the target analytes are known. For qualitative 
assessments, the mass spectrometer may be used in TIC mode, but this can reduce 
sensitivity below an acceptable level and in many circumstances definitive mass spectra 
may be difficult to obtain. In order to attribute a particular odour to a particular 
chromatographic peak, or group of peaks, an effluent splitter is sometimes fitted to the end 
of the GC column and connected to a heated sniffing port where the eluting components 
may be monitored by an olfactory expert (Lundgrenet al., 1989; Christoph and Drawert, 
1985). The port is insulated with teflon to avoid irritation, and the constant position of
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Figure 22: Distillation unit developed by Likens and Nickerson
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the nose 1 cm or so above the port ensures that any eluted stimulus can be inhaled 
reproducibly without indefinite losses and dilutions.
Despite the almost universal approach to the determination of volatiles as described above, 
it is worth noting that certain classes of compounds, such as the chlorophenols, are not 
readily accommodated due to their highly polar nature which may lead to losses by 
adsorption during GC analysis (Sha and Stanley, 1983). Alternative procedures in this case 
have included chemical derivatisation prior to GC (Tschochner et al., 1989; Ballesteros 
et a l., 1990; Knuutinen and Korhonen, 1983) or determination by HPLC (Sha and Stanley, 
1983; Fayyad et al., 1989). A recent variation by Kwakman et al. (1991) achieved sub- 
ppb HPLC determination by post-column photolysis of dansyl derivatives of the phenols 
followed by peroxylate chemiluminesence detection.
1.6.3 Method performance
Meaningful quantitative analysis of trace residue levels can only be achieved through the 
application of suitable methodology which has been adequately tested and validated to 
sufficient levels of sensitivity (Hill and Corneliussen, 1986). Data which enable the 
performance of a method to be evaluated under realistic conditions may be generated by 
series of analyses carried out on representative substrates fortified with the compounds of 
interest at known concentrations. These ’recovery efficiency’ tests must be supplemented 
by analyses of control samples in order that matrix background effects may be properly 
assessed and performance limits set.
The accuracy of a method at a given concentration level may be represented by the mean 
recovery efficiency at this level, with precision represented by the coefficient of variation 
(CV) of the mean. A general guideline for acceptance is that the recovery efficiency for 
each analyte should be within the range 70 to 110%, with a mean value in excess of 80%. 
The CV at any particular fortification level should not exceed 15% (Smart, 1976). 
Statistically, the recommended minimum number of samples necessary to allow calculation 
of meaningful confidence intervals is six (Boddy and Caulcutt, 1980), and thus a minimum 
of six recovery efficiency tests should be conducted at each of the fortification levels 
tested. Further evaluation of the variation of accuracy and precision with analyte
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concentration may be obtained by linear regression analysis (Boddy and Caulcutt, 1980).
The limit of determination of a method may be based upon the lowest concentration at 
which reliable recovery efficiency can be obtained, taking into account any apparent 
residues which may occur in the background from untreated control samples (Keith et al.,
1983). A feasible estimate of the limit of determination may be derived from the mean 
apparent control residue (from a minimum of six analyses) added to two standard 
deviations of the mean.
1.7 Purpose of thesis
The foregoing discussions have drawn attention to the problem of occasional musty taints 
found in various fruit and vegetable crops following treatment with the commercial fungicide 
prochloraz. Taints commonly described by the term ’musty’ clearly have a strong associations 
with the presence of trace levels of chlorinated anisoles, and particularly 2,4,6-TCA and
2,3,4,6-TECA, which are often produced by microbial méthylation from the corresponding 
phenols. The biodégradation of prochloraz in plants leads in part to the formation of 2,4,6- 
TCP, although mainly conjugated to endogenous plant material. Despite the fact that 2,4,6- 
TCA has not been reported as a product of metabolism in either plants or the environment, 
it is conceivable that extremely low concentrations of this compound may yet be implicated 
in taints linked to the use of prochloraz.
The aim of this thesis, therefore, was to devise suitable analytical means of exploring the 
cause of taint and the underlying nature of the problem. Through the correlation of sensory 
and analytical data, and by experimentation on representative model systems, attempts would 
be made to identify the significant contributory factors in the causation mechanism and explain 
the different taint occurrence patterns which occur, i.e. with respect to different fruit types and 
application procedures. Hopefully, the detailed research conducted within the scope of the 
thesis, focussing on the fungicide prochloraz, would lead to an improved understanding which 
could benefit agrochemical development in general and help to maintain desirable high 
standards of food quality.
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2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Analytical standards
Pure analytical standards of all compounds relating to prochloraz, listed in Figure 23, 
were synthesised by Schering Agrochemicals Ltd., unless otherwise stated.
Analytical standards of the chlorinated anisoles and phenols listed in Figure 24 were 
obtained from the Aldrich Chemical Co.Ltd., Gillingham, U.K.
Separate stock solutions of all analytical standards were prepared at a concentration of 
1000 fjLg/ml in either ethanol or pentane. Working solutions in the range 0.1 to 100 
fig/m\ were prepared by successive dilutions of the respective stock solutions. All 
solutions were stored in the dark under refrigeration when not in use.
2.1.2 Formulated materials
The following commercial formulations of prochloraz were supplied by Schering 
Agrochemicals Ltd. :
2.1.2.1 Prochloraz 40EC
An emulsifiable concentrate (EC) formulation containing 39.4% w/v prochloraz by 
analysis. Batch reference CR 16703/01/900414.
2.1.2.2 Prochloraz manganese chloride complex 50WP
A wettable powder (WP) formulation containing 49.9% w/w of the prochloraz 
manganese chloride complex by analysis; equivalent prochloraz content 92.3%. 
Batch reference CR 20181/01/890914.
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Figure 23: Analytical standards related to prochloraz
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Figure 24: Analytical standards of chlorinated phenols and anisoles
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In addition, a sample of 40EC formulation blank material, batch CR 19032/1, was 
supplied,
2.1.3 Reagents and solvents
Organic solvents (Distol grade) and buffer solutions (pH 4.0 and 7.0) were purchased 
from Fisons Scientific Apparatus, Loughborough, U.K.. Water was glass-distilled. 
Acetic anhydride and potassium hydroxide were purchased as Analytical Reagent grade 
materials, also from Fisons Scientific Apparatus. All other reagents were Standard 
Laboratory Reagent grade.
2.1.4 Agar plates
All agar media were obtained from Oxoid Ltd., and were prepared according to the 
following formulae:-
2.1.4.1 Sabouraud dextrose agar
Mycological peptone 10 g/1
Dextrose 40 g/1
Agar No. 1 15 g/1
A general purpose medium, pH 5.6, for the cultivation of yeasts and moulds at an 
incubation temperature of 28®C.
2.1.4.2 Potato dextrose agar
Potato extract 4 g/1
Glucose 20 g/1
Agar No. 1 15 g/1
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A general purpose medium, pH 5.6, for the cultivation of fungi at an incubation 
temperature of 28°C.
2.1.4.3 Nutrient agar
’Lab-Lemco’ powder 1 g/1
Yeast extract 2 g/1
Peptone 5 g/1
Sodium chloride 5 g/1
Agar No.3 15 g/1
A general purpose medium, pH 7,4, for the cultivation of bacterial growth at an 
incubation temperature of 37"C.
2.1.5 Crop samples
Fruit samples treated with prochloraz, together with corresponding control samples, 
were provided in fresh condition from international field trials conducted on behalf of 
Schering Agrochemicals Ltd. In many cases, duplicate samples had been sent to the 
Campden Food and Drink Research Association (CFDRA), Chipping Campden, 
Gloucestershire, for taint testing.
Samples of fresh fruit used for laboratory fortification tests and which had not been 
treated with prochloraz were purchased as required from a local supermarket.
Vines (c.v. Vitis Vinifera and Muller Thurgau), miniature orange trees (c.v. Citrus 
Mitis) and apple trees (c.v. Bolero) for glasshouse fortification experiments were kindly 
provided by the Environmental Sciences Department of Schering Agrochemicals at 
Chesterford Park, Essex.
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2.1.6 Special Apparatus
2.1.6.1 Liquid-liquid extractors
Low-capacity (25 ml) liquid-liquid extractors (Figure 25) for the determination of 
phenols and anisoles by steam distillation were specially constructed by the 
Glassblowing Department at Chesterford Park.
2.1.6.2 Laminar flow cabinet
Work under sterile conditions was conducted in a Microflow horizontal laminar 
flow work station fitted with ultra-violet lighting for sterilisation of the work 
surface and a pre-filtered laminar air supply flowing from the back to the front of 
the cabinet. Before each use, the working surface was cleaned with cotton wool 
soaked in ethanol, and subjected to ultra-violet light for a minimum period of 20 
minutes with laminar air flow. During use, the air flow was maintained but the 
ultra-violet lighting was turned off for safety reasons.
2.2 Analytical Techniques
2.2.1 Gas chromatography with mass selective detection (GC/MSDl
All gas chromatographic (GC) determinations were performed with a Hewlett Packard 
5890A capillary gas chromatograph coupled to a Hewlett Packard 5971A mass selective 
detector (MSD) via a capillary direct interface. Injections were made by a Hewlett 
Packard 7673A auto injector into a split/splitless injector unit using splitless mode 
(Hinshaw, 1991). The latter contained a silanised glass insert fitted with a 
split/splitless injector system comprising a silanised glass insert containing a silanised 
quartz wool plug to improve solute transfer onto the column (Grob and Neukom,
1984). Data handling was performed by a Hewlett Packard Vectra QS/20 Chemstation 
using an MS-DOS operating system. The MSD was operated in electron impact (El) 
mode and tuned for optimum performance against all or part of the mass spectrum of 
perfluorotributylamine (PFTBA), depending on the mass range of interest for a given
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Figure 25: Liquid/liquid extractor
Organic phase
Aqueous phase
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application, by running the ’Autotune’ software program from the Chemstation. A 
schematic representation of the system configuration is shown in Figure 26.
Separation conditions developed for specific applications are described under ’Residue 
methods development’, section 2.3.
2.2.1.1 Total ion current (TICl mode.
For qualitative work, the MSD was used in TIC mode to record the El mass 
spectrum of compounds of interest eluting from the GC column. A mass range of 
50 to 350 a.m.u. was suitable for all applications, using a scan rate of 2.0 
scans/sec. to maintain adequate chromatographic peak definition. Standard 
solutions of compounds of interest amenable to determination by GC were used to 
compile a mass spectral library to assist in the verification of subsequent qualitative 
assessments.
2.2.1.2 Selected Ion Mode CSIMI I
In order to provide adequate sensitivity of detection for quantitative determination 
at trace residue levels, the MSD was used in SIM mode, for which only two or 
three fragment ion masses from relevant mass spectra were formatted into ion 
groups to monitor appropriate sections of each chromatogram. Abundance ratios 
between the selected ions provided a degree of qualitative confirmation of residues.
Unless otherwise stated, all SIM ion groups quoted under ’Residue methods 
development’ (section 2.3) were measured with a dwell time of 100 milliseconds 
and an overhead time of the same value.
2.2.2 Gas chromatoeraphv with simultaneous ion trap and radio detection
This approach was used for qualitative assignments of radioactive residues from 
experiments using *'^C-radiolabelled materials (see section 2.7). An Analytical 
Instruments GC93 capillary gas chromatograph was fitted with an effluent splitter, or
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Figure 26: Configuration of GC/MSD system
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T-piece, at the end of the capillary column to divide the eluting components between 
capillaries passing into a Finnigan ion trap detector (ITD) and a E.S.I. Panax 504 
radiodetector, as represented in Figure 27.
Figure 27: Configuration of GC/ITD system with on-line radiodetection
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The ITD is, like the MSD, a mass spectrometric detector for GC working essentially in 
El mode. The main difference with the ITD is that three ion-trap electrodes are 
employed to create a three-dimensional hyperbolic electric field forming an ion-trap 
cavity within which sample ions (formed by electron impact) may be sequentially 
stored (or trapped) and then ejected by precise control of the voltage applied to the 
central electrode of the ion-trap cavity.
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Within the radiodetector (Baba, 1989), the GC effluent is passed through a furnace tube 
at 650 °C containing copper oxide to oxidise radiolabelled compounds to ^^ COg plus 
water. The gas is then dried before passing into a gas-flow proportional counter with 
an anti-coincidence circuit to minimise background contributions.
2.2.3 High performance liquid chromatography fHPLCT
All HPLC separations were performed on either a Spherisorb 5 ODS 15 cm x 4.6 mm 
i.d.( reversed phase) or a Supelcosil LC-NH% 25 cm x 4.6 mm i.d. (normal phase) 
column using a Spectroflow 400 isocratic solvent delivery system and a Perkin Elmer 
ÏSS-100 autoinjector system fitted with a Rheodyne valve. Guaid columns packed with 
Pellicular ODS (37-53 fim; Whatman) or HC Pellosil (30-38 jxm; Whatman), were used 
to protect the respective analytical columns. Solutes were detected by measuring 
absorbance of ultra-violet light using either a Varian 2550 programmable wavelength 
UV detector or a Hewlett Packard 1040A diode array detector (DAD). The latter was 
additionally used to record U.V. absorbance spectra as an aid to qualitative 
interpretation of residues. Data handling was performed either by the Hewlett Packard 
9000 Series 300 Chemstation controlling the DAD or by a Beckman laboratory 
information management system (LIMS) running PeakPro chromatographic 
interpretation software.
Mobile phase mixtures were de-gassed before use by standing the solvent reservoir in 
an ultrasonic bath for 30 minutes.
2.2.4 Fourier transform infra-red spectroscopy (FTIRl
The qualitative examination of fruit surface residues (section 2,10.2) was conducted 
using a Nicolet 510P FTIR optical bench fitted with a germanium crystal for 
measurements by attenuated total reflectance (ATR). Using this technique, radiation 
shone into the end of the trapezoidal crystal undergoes total internal reflection to 
emerge at the far end, slightly diminished in intensity (Banwell, 1983). During this 
process, the radiation beam penetrates slightly beyond the surface of the crystal at each 
reflection, travelling a small distance into the sample material, in this case fruit skin.
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pressed against the surface of the crystal (Figure 28).
Infra-red spectra were recorded over a range of 2000 to 600 cm'* at a resolution of 
4cm'*.
Figure 28: Principle of attenuated total reflection (ATRV
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2.3 Residue methods development
2.3.1 Determination of 2.4.6-TCA and 2.4.6-TCP in fruit samples
2.3.1.1 Sample preparation and extraction
Unless otherwise stated in subsequent descriptions of specific experiments, fresh 
fruit samples were diced into cubes of approximately 1 cm  ^ and homogenised in a 
Crypto-Peerless food processor for 20-30 seconds. In certain cases, e.g. citrus
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fruit, peel and flesh were separated prior to homogenisation. Sub-samples (50-100 
g) were then weighed into a 500 ml round-bottomed flask followed by addition of 
water (150 ml) and a few anti-bumping granules.
The distillation flask was attached to a 25 ml capacity liquid/liquid extractor primed 
with 10 ml of water and 10 ml of pentane, and heated under reflux fitted to a 
double-walled water-cooled condenser for eight hours. This allowed simultaneous 
steam distillation and solvent extraction of both 2,4,6-TCA and 2,4,6-TCP. In all 
cases, satisfactory distillation of 2,4,6-TCP occurred at the natural pH of the 
extract, which was usually in the range of 3-5.
After extraction and cooling, the liquid/liquid extractor was removed from the 
condenser and 50 nl of a solution containing 1.0 jug/ml 2,4-DBA in pentane were 
pipetted into the top layer to act as a chromatographic marker compound, rather 
than as a true internal standard. The top pentane layer was then pipetted into a 20 
ml flat-bottomed sample vial and re-adjusted to approximately 10 ml with pentane. 
Acetic anhydride (200 ^1) was pipetted into the vial which was then capped and 
shaken vigorously for a few seconds, taking care to release the pressure 
immediately afterwards-by de-capping. The re-capped vial was then left for two 
hours at room temperature to allow acétylation of the phenol to proceed.
After acétylation, a solution of 0.05 M potassium hydroxide (10 ml) was added to 
the vial which was then capped and shaken gently. The top pentane layer was 
removed by pipette into a clean vial, and the contents carefully reduced to a volume 
of approximately 1 ml under a gentle stream of nitrogen at room temperature. In 
some cases, volumes lower than 1 ml, but not less than 100 fx\, were used to 
obtain higher concentration factors for expected sample residues between 0.05 and 
0.2 jttg/kg. The final concentrate was transferred to an autoinjector vial for 
GC/MSD determination.
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2.3.1.2 GC/MSD conditions
Column: Supelco PTE-5 fused silica capillary, 30 m x 0.25 mm i.d., 0.25 
fim df.
Temperature: 40°C for 2 minutes, then 15°C/min to a final temperature of
210° for 8 minutes.
Detector
temperature: 280°C
Injection: Inlet temperature 180°C, splitless injection with purge after 1 
minute.
Carrier gas: Helium at approximately 0.75 ml/min.
Injection volume: 2 ^1
SIM groups: 2,4,6-TCA: m/z 195, 210; dwell time 200 msec per ion;
group start time 10.00 min.
2,4,6-TCPA: m/z 196, 198; dwell time 100 msec per 
ion; group start time 11.60 min.
2,4-DBA: m/z 266, 268; dwell time 200 msec per ion; 
group start time 12.00 min.
Retention times: 2,4,6-TCA 10.8 min; 2 ,4,6-trichlorophenylacetate (2,4,6-TCPA)
11.8 min; 2,4-DBA 12.2 min.
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2.3.1.3 Calibration and calculation of results
A series of calibration standards in the range of 0.0025 to 0.5 fig 2,4,6-TCA and 
0.025 to 2.0 fig 2,4,6-TCP were prepared by pipetting and combining appropriate 
voiumes from solutions containing either 0.1 or 1.0 jtig/ml of each compound in 
pentane into flat-bottomed vials containing pentane (10 ml). Following addition of
2,4-DBA (50 fi\ from a solution containing 1.0 fig/ml, as for sample extracts), the 
standards were acetylated and concentrated as described earlier. Aliquots of the 
final concentrates were transferred to autosampler vials and injected into the GC 
under the conditions described above. To obtain the calibration curve, the peak 
areas of 2,4,6-TCA and 2,4,6-TCP were measured and expressed as ratios of the 
peak area for 2,4-DBA in each calibration standard. These area ratios were plotted 
against the respective amounts of each component (fig) in each case.
Calibration curves showed excellent linearity for each component (Figure 29) and, 
in general, four calibration standards covering an appropriate sub-range were 
sufficient to describe the curve with adequate precision for a given series of sample 
extract analyses.
2.3.1.4 Recover/ efficiencv testing
The recovery efficiency of the method was tested over an appropriate range of 
residue concentrations for each component in each substrate analysed. Tests were 
performed by spiking from solutions containing either 0.1 or 1.0 /ig/ml of 2,4,6- 
TCA or 2,4,6-TCP in ethanol onto the homogenised, control fruit sample prior to 
steam distillation. Sample analysis then proceeded as described earlier.
All recovery tests were carried out alongside analyses of the corresponding control 
samples without fortification. Any apparent residues subsequently measured in 
these extracts were then used to correct recovery efficiencies obtained.
Fortification levels tested ranged from 0.05 to 20 /ig/kg 2,4,6-TCA and 0.2 to 2.0 
fig/kg 2,4,6-TCP.
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2.3.1.5 Extension to other chlorinated anisoles
By modification of the MSD conditions in terms of SIM groups, the analytical 
method was readily adapted to the determination of a series of related compounds, 
namely other chlorinated anisoles, 2-hydroxy aniso le (guaiacol) and 2- 
methoxyanisole. A summary of appropriate detection parameters is shown in 
Table 13.
Table 13: SIM conditions for chlorinated anisoles
Analyte Retention time 
(min.)
SIM group
2-chloroanisole 8.4 m/z 142; 144
4-chloroanisole 9.0 m/z 142; 144
2,4-dichloroanisole 10.2 m/z 176; 178
2,6-dichloroanisole 9.3 m/z 176; 178
2,4,6-trichloroanisole 10.8 m/z 195; 210
2,4,6-trichlorophenoT 11.8 m/z 196; 198
3 ,4,5-trichloroanisole 12.8 m/z 210; 212
2,3,4,6-tetrachIoroanisole 13.4 m/z 246; 248
2-hydroxyanisole* 9.9 m/z 109; 124
Determined as the corresponding acetate derivative.
2.3.2 Determination of prochloraz and metabolites in fruit samples
2.3.2.1 Surface residues
To extract residues of prochloraz and its metabolites from the surfaces of fruit 
receiving post-harvest dip treatments, individual fruit were weighed then fully 
immersed in a beaker containing ethyl acetate. The beaker was then placed in an
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ultrasonic bath for 5 minutes, after which time the fruit was carefully raised above 
the beaker using tongs and the fruit surface rinsed with ethyl acetate from a wash 
bottle. The ethyl acetate extract was then decanted into a measuring cylinder and 
made up to a convenient volume. (Extract volumes varied between 100 and 400 
ml, depending upon the size of the fruit immersed.)
A measured aliquot (usually 1 ml) of the extract was pipetted into a 20 ml flat- 
bottomed sample vial and taken to dryness under a stream of nitrogen on a Dri- 
block at 50°C, then re-dissolved in a measured volume of methanol (usually 0.5 or 
1.0 ml) before transfer to an autoinjector vial for HPLC determination.
2.3.2.2 Extraction of flesh residues
Each sample of diced or chopped fresh fruit flesh was weighed (usually 50 g) into 
an 8 oz screw-cap glass bottle and homogenised for 1-2 minutes with a mixture of 
1:1 acetone:hexane (100 ml) using an Ultra-Turrax homogeniser. The extract was 
then filtered under vacuum through a 1 cm pad of Metasil ’A’ filter aid on a 
Whatman No.54 filter paper, rinsing the pad twice with ethyl acetate (30 ml then 
15 ml).
After decanting the filtrate into a separating funnel, the lower aqueous layer was 
run off and discarded and the organic extract was dried over anhydrous sodium 
sulphate (20 g) for 10 minutes in a conical flask. The extract was then filtered into 
a measuring cylinder through a fluted Whatman No.4 filter paper and made up to a 
convenient volume (usually 140-150 ml) with ethyl acetate. One tenth of the 
extract was then measured into a 20 ml flat-bottomed sample vial and taken to 
dryness under a stream of nitrogen on a Dri-block at 50®C.
For clean-up of the extract by solid phase extraction (SPE), the dry residue was re- 
dissolved in a mixture of 40% dichloromethane in hexane (2 ml) and transferred to 
a Supelclean LC-NHj SPE cartridge which had been conditioned with with the 
same mixture ( 3 x 2  ml) without allowing the packing to go dry. A further volume 
(2 ml) of this mixture used to rinse the extract vial was also transferred to the
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cartridge which was eluted under vacuum at approximately 5 ml/min. After 
discarding the initial effluent, the cartridge was eluted with a mixture of 4 +  1 v/v 
ethyl acetate +  hexane ( 4 x 2  ml) which was collected and taken to dyness as 
before. The final extract was re-dissolved in methanol (0.2 ml) and transferred to a 
250 fi\ autosampler vial insert for HPLC determination.
2.3.2.3 HPLC conditions
Column: Spherisorb 5 ODS, 15 cm x 4.6 mm i.d. with guard column 
packed with Pellicular ODS.
Mobile phase: 350 ml acetonitrile and 300 ml methanol (both HPLC grade) 
made up to a total volume of 1 litre with a solution of 
0.25% potassium dihydrogen phosphate (pH 6) in distilled 
water.
Flow rate: 1.5 ml/min.
Detection: Varian 2550 programmable wavelength detector, set at a 
monitoring wavelength of 220 nm.
Injection volume: 
Retention times:
20 f i l
BTS 44596 4.8 min.
BTS 44595 5.4 min.
Prochloraz 7.7 min.
2.3.2.4 Calibration and calculation of results
Given the proven linearity of the detector response over the U.V. absorption range 
of interest, only a single concentration (5 jug/ml) calibration standard was prepared 
by pipetting 0.2 ml from a working solution containing 10 iig/ml of prochloraz, 
BTS 44595 and BTS 44596 in acetone, taking to dryness and re-dissolving in
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methanol (0.4 ml).
From a minimum of two injections of the calibration standard with every batch of 
sample analyses, the mean peak area for each component was plotted against 
concentration and used to calculate the residue concentrations from respective peak 
areas in the final sample extracts.
2.4 Impuritv analvsis
The following procedure was developed for the determination of trace impurity levels of
2,4,6-TCP or 2,4-DCP in samples of prochloraz and related compounds obtained as either 
analytical standard, technical grade or formulated materials.
Each material for analysis was prepared as a solution containing 1.0 mg/ml in ethanol, 
from which an aliquot (1.0 ml) was pipetted into a separating funnel containing hexane (30 
ml) and 0.05 M potassium hydroxide solution. After shaking and allowing to separate, the 
lower layer was removed and retained whilst the hexane was re-extracted with fresh 
potassium hydroxide solution (10 ml). The two lower layers were then combined, acidified 
with six drops of concentrated hydrochloric acid, and shaken with pentane (2 x 10 ml). 
These two pentane extracts were combined in a 20 ml flat-bottomed sample vial and 
concentrated to approximately 10 ml under a gentle stream of nitrogen at room temperature 
before acétylation and determination as described in section 2.3.1.1.
2.5 Photodegradation studies
The photodegradation of prochloraz and its metabolites BTS 44595 and BTS 44596 was 
studied by HPLC with diode array detection (DAD). Test solutions containing 100 /itg/ml 
of each of these compounds dissolved in a mixture of 1 +  9 v/v ethanol +  water were 
prepared in volumetric flasks and placed in a dark box under a UPG model UVGL-58 
multiband (254-366 nm) U.V.lamp. At selected time intervals ranging between 0 and 7(X) 
hours, aliquots (0.1 ml) from a total volume of 10 ml) were transferred to autoinjector vial 
inserts for HPLC determination.
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The HPLC conditions used were as described in section 2.3.2.3, but with a Hewlett 
Packard 1040A DAD used as the detector system. The DAD was programmed to record 
U.V. spectra between 190 and 500 nm for all chromatographic peaks detected at the 
monitoring wavelength of 220 nm. Standard solutions containing 10 /ig/ml of prochloraz, 
BTS 44595, BTS 44596 and potential degradation products were chromatographed in order 
to record characteristic spectra and to determine retention times. The latter are listed in 
Table 14.
Table 14: HPLC retention times of prochloraz-related standards.
Compound Retention time (min|.)
Prochloraz 7.7
BTS 44596 4.7
BTS 44595 5.3
BTS 40348 12.4
BTS 45186 5.6
BTS 3037 2.9 (3.9)*
2,4,6-TCP 2.9 (1.0)*
Imidazole (3.2)*
Re-injection using a mobile phase of 1 +  1 v/v acetonitrile + water.
2.6 Hvdrolysis studies
The hydrolyses of prochloraz, BTS 44595 and BTS 44596 were studied at pH 4 and pH 7 
using HPLC with DAD as described in section 2.5. Solutions containing 100 ^g/ml of 
each compound were prepared in either 1 + 9  v/v ethanol +  water (pH 7) or 1 + 9  v/v 
ethanol +  pH 4 buffer solution. The solutions (50 ml) were heated under reflux for a total 
period of approximately 70 hours, withdrawing aliquots (approximately 0.1 ml) from each 
at selected intervals for HPLC determination by temporarily cooling the reflux flasks.
In addition, a further experiment was conducted in which aliquots (1.0 ml) from a stock 
solution containing 1.0 mg/ml of prochloraz analytical standard in ethanol were heated
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under reflux with simultaneous liquid-liquid extraction of trace amounts of 2,4,6-TCP by 
steam distillation as described in section 2.3.1.1. Prior to hydrolysis, the aliquots were 
pipetted into hexane (30 ml) in a separating funnel and extracted with 0.05M potassium 
hydroxide solution (2 x 10 ml) to remove any residual amounts of 2,4,6-TCP which may 
have been present. The hexane solutions were then decanted into 500 ml round-bottomed 
flasks, rinsing with pH 4 buffer solution (20 ml), and the organic solvent was removed by 
rotary evaporation at 40 ®C. Distilled water (150 ml) was then added to the flask for 
steam distillation. Hydrolysis times of 0 to 36 hours were tested.
2.7 Biodégradation of ^"^C-radiolabelled prochloraz in grapes
2.7.1 Experimental design
By treating a suitable test organism with radiolabelled prochloraz at an exaggerated 
application rate, the aim of the experiment was primarily to determine whether any 
trace residue levels of 2,4,6-TCA could be derived from multiple foliar treatment with 
prochloraz under representative field growing conditions. The test organism chosen 
was grape vines, as these were available at the correct growth stage for treatment with 
prochloraz, and grapes had previously been found to contain significant musty taints 
when treated in this way (Whiteoak, 1988).
Four small grape vines (c.v. Muller Thurgau and Vitis Vinefera) were maintained in 
separate pots in a small glasshouse, and had reached the stage of early fruit 
development (grapes approximately 0.5 to 0.8 cm diameter) during late July, 1989. In 
order to apply radiochemical, a suitable formulation had to be prepared, using a 
prochloraz 40EC formulation blank, and subsequently diluted to a practical, but 
representative, ’spray’ concentration. For safety reasons, however, it would have been 
unacceptable to actually spray radiochemical onto the plants, and a suitable alternative 
technique had to be devised. The initial approach to this was to prepare a small 
volume (<  1 ml) containing an approximate 10-fold dilution of the formulated 
material, with the intention of pipetting a small amount onto each grape. After two 
treatments (two weeks apart) had been applied by this method, however, there were 
unfortunately visible signs of phytotoxic damage in several fruit, and the affected
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bunches had to be cut away and the experiment re-started. The revised procedure, 
which ultimately proved to be successful, involved treatment with an approximate 100- 
150 fold dilution of the formulation applied repetitively to each bunch with a Pasteur 
pipette from a 500 ml beaker held below the bunch to collect the run-off.
The plants themselves, being quite small, retained only three or four compact bunches 
of grapes after abandonment of the first treatment technique, and it was estimated that 
all bunches on at least three of the vines would have to be treated with prochloraz in 
order to provide sufficient sample for analysis, assuming that a significant 
concentration factor would be required when extracting any eventual residues of 2,4,6- 
TCA which would in all probability be extremely small. Grapes from the fourth plant 
would provide untreated control samples.
2.7.2 Preparation of test formulation and treatment of grapes
In previous field trials designed to compare the taint potential of prochloraz with that of 
some close structural analogues (section 1.3.5) when applied to blackcurrants or 
gooseberries, the maximum field application rate used was 5 x 40 gai/hl, at spray 
volumes of up to 2000 1/ha. These figures were used as a guideline to calculate the 
application rate and formulation composition for the current experiment.
On the assumption that a typical gooseberry plant may cover 1 m  ^ of ground space and 
yield 5 kg of fruit, 40 g ai/hl at 2000 1/ha equates to 0.08 g ai/m^, or 16 mg ai/kg of 
fruit. For the current experiment, an elevated rate of 50 mg ai/kg of fruit was 
selected, to be applied at approximately 10-day intervals on a maximum of 5 occasions. 
With a prospective total grape yield of approximately 1 kg estimated to be produced 
from the three treated plants, the maximum total loading of prochloraz was calculated 
to be 250 mg.
The specification for the “^^ C-radiolabelled prochloraz used in the experiment is given in 
Figure 30. The following assumptions were used to calculate the requirements for 
treating the grapes:
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Total prochloraz loading =  250 mg/kg grapes; assume 10% remains as a final 
residue, of which 0.1% may be in the form of 2,4,6-TCA, i.e. 0.025 mg/kg.
Assuming the sample weight extracted to be 100 g, total 2,4,6-TCA content =  
0.0025 mg, or 2.5 fig. If the final extract for GC determination is carefully 
concentrated to a volume of 100 /xl, of which maybe only 5 /xl is injected into the 
GC column, then 0.125 /xg would theoretically be available for detection.
For unambiguous ‘^ C-peak detection using the Panax 504 radiodetector, 500-1000 
disintegrations per minute (dpm) are desirable. Adequate detection of 2,4,6-TCA 
would therefore require a radioactive residue concentration of approximately 6 x 10® 
dpm/mg, or 2.7 fiCi/mg (as 1 fiCi — 2.2 x 10® dpm), equivalent to approximately 700 
/xCi for the full prochloraz loading of 250 mg.
Figure 30: Specification for ‘^*C-radiolabelled prochloraz
Pr
-CH2CH2“N-C-^{^N
OCl
* Position of ladiolabel
Specific activity 14.6uCi/mg 
Radiochemical purity 99.3%
Given the specific activity of 14.6 fiCi/mg for ^'^C-prochloraz, a total of 47.9 mg, 
rounded to 50 mg, was estimated as being required for the prescribed total treatment. 
Allowing for 5 applications to be made, the test formulation on each occasion was 
prepared from approximately 40 mg of ’cold’ prochloraz analytical standard weighed 
into a sample vial with approximately 10 mg of radiolabelled prochloraz and dissolved 
in approximately 125 fil of 40EC formulation blank by agitation in an ultrasonic bath to
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give an approximate 40 % emulsifiable concentrate formulation. Prior to treatment of 
the grapes, the formulation was washed into a 500 ml beaker with distilled water (15- 
20 ml) and applied as described earlier. The actual weights prepared for each 
application are given in Table 15.
Table 15: Composition and application of test formulations for grapes
Application date 
(D.M.Y)
W t.of cold’ 
prochloraz 
(mg)
Wt. of ‘“C- 
prochloraz 
(mg)
Vol. of 
formulation 
blank (fi l)
Vol. of 
water (ml)
25.07.89 42.20 9.80 120 15
04.08.89 56.70 9.80 150 20
12.08.89 35.60 8.30 120 15
22.08.89 30.62 8.92 120 20
31.08.89 33.46 9.56 120 18
The grapes were harvested on 22nd September, 1989 by cutting the treated bunches 
from the plant and allowing them to fall into a polythene bag; a total yield of 650 g 
was recorded. All undamaged fruit were then separated from their respective bunches 
and homogenised together in a Waring stainless steel blender for approximately 20 
seconds. The retained homogenate, with a total weight of 553 g, was then transferred 
into a polythene bag and placed in deep freeze storage at -20 °C
2.7.3 Analvsis of extracts
Aliquots of the frozen, homogenised grapes were analysed by three different 
approaches based upon the analytical procedures described earlier:
2.7.3.1 Determination bv GC/MSD.
A subsample (50 g) was weighed into a 500 ml round-bottomed flask and analysed 
for residues of 2,4,6-TCA and 2,4,6-TCP by steam distillation followed by
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determination using GC/MSD in SIM mode as described in section 2.3.1.
2.7.3.2 Determination bv HPLC.
To determine residues of prochloraz, BTS 44595 and BTS 44596, all of which 
were expected to be relatively high given the exaggerated treatment programme, 
only a small aliquot (20 g) of grapes was analysed by homogenisation with ethyl 
acetate/acetone and determination by HPLC with U.V. detection as described in 
section 2.3.2.
2.7.3.3 Determination bv GC/ITD/Radiodetection
Initially, an aliquot (50 g) of frozen grapes was extracted and concentrated 
according to the steam distillation method for 2,4,6-TCA and 2,4,6-TCP (section
2.3.1), although the acétylation procedure was omitted. The final extract volume 
was approximately 0.5 ml, from which an aliquot was injected under the following 
conditions, having established the appropriate retention times (ITD) by injection 
from standard solutions of each component:
Column: Supelco SPB-1, 15 m X 0.53 mm i.d., 0.15 fim d.f.
Injection: Cool on-column; manual syringe.
Oven temp.: 70 ®C to 230 "C at 20 °C/min.
ITD transfer
line temp.: 275 °C
ITD: TIC mode, 1.0 scans/min.
Injn.vol.: 0.25 fi\
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Retention
times: 2.4.6-TCA 8.08 min
2.4.6-TCP 8,22 min.
As the column effluent was split between the ITD and radiodetector, it was 
necessary to establish the delay time between ITD and radio peaks derived from the 
same component. To do this, a ‘‘^ C-radiolabelled standard of the herbicide benazolin 
ethyl (Figure 31), known to run satisfactorily under the established conditions, was 
injected and found to elute after 756 secs, in the radiodetector, with ITD scan 
no.732 (732 secs.) corresponding to the peak apex. The delay, or ’stagger’ betwen 
the detectors was therefore 24 seconds.
Figure 31: *‘*C-radiolabelled benazolin-ethvl
9  pH,COOCoH2*^5
* Position of radiolabel
Injection of the grape extract gave rise to a very large radio peak corresponding to
2.4.6-TCP which obscured any small peak which may have been present from
2.4.6-TCA. A second aliquot of grapes (100 g) was therefore prepared as before, 
but the pentane extract following steam distillation was transferred to a separating 
funnel and partitioned with 0.05 M potassium hydroxide solution (2 x 20 ml) to 
extract 2,4,6-TCP. The cleaned-up pentane extract was then carefully concentrated 
under a gentle stream of nitrogen at room temperature to a final volume of around 
50 ptl, by successively transferring the extract into smaller (2 ml then 0.1 ml)
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capacity autoinjector vials as concentration proceeded. Injections of increasing 
volume were then made from the final extract until a definitive radiochromatogram 
was obtainable. This was achieved by injection of 10 jul under the revised 
temperature programme below:
Oven 50 “C to 150 °C at 20 /m in., hold 1 min. then 10 °C/min to 225 ®C.
2.8 Analvsis of field-treated samples
During the course of the thesis, a number of samples were selected from official field trials 
conducted on behalf of Schering Agrochemicals to generate taint testing data for prochloraz 
on various fruit crops. The aim was to analyse the samples by the GC/MSD method for
2,4,6-TCA and 2,4,6-TCP in order to seek correlations with taint data generated on 
duplicates by the CFDRA. Most analyses were conducted on fresh fruit, although there 
were some comparative samples which had been canned by CFDRA. A summary of the 
samples analysed is given in Table 16.
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Table 16: Summary of field samples analysed
Fruit type Origin/year Formulation Treatment type Fresh (F) or 
Canned (C)
Gooseberry U.K., 1985 50WP Foliar spray C
Pineapple S.Africa, 1987 40EC Post-harvest
dip
F
Papaya Australia,
1987
40EC Post-harvest
dip
F
Lychee Australia,
1990
40EC Post-harvest
dip
F
Citrus
(mandarin)
Spain, 1990 40EC Post-harvest
dip
F
Citrus
(minneola)
Israel, 1990 50WP Foliar spray F, C
Citrus
(orange)
Spain, 1991 40EC Post-harvest
dip
F
Citrus
(mandarin)
Spain, 1991 40EC Post-harvest
dip
F
Tomato Spain, 1991 40EC Soil drench F
Citrus
(minneola)
Israel, 1991 50WP Foliar spray F
2.9 Pre-harvest fortification studies with 2.4.6-TCP
Individual developing fruit of apples (c.v. Bolero) and oranges {Citrus Mitis - miniature 
orange) were fortified with 2,4,6-TCP (10 jug) from a solution containing 1.0 mg/ml in 
ethanol whilst still attached to the plant or tree. The treatment types, numbers of fruit and 
sampling times are summarised in Table 17.
The apples were grown on Ballerina type trees and had reached approximately 3 cm in 
diameter at the time of the experiment. The orange plants, grown in a glasshouse, offered 
the advantage of producing small fruit of approximately 2 cm in diameter at different 
stages of development, i.e. some fruit were quite mature, being bright orange in colour and 
beginning to soften, whilst others were still predominantly green and firm; examples of
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Table 17: Sample details, pre-harvest fortification with 2.4.6-TCP.
Sample type Application
type
Application
date(D.M.Y)
Max.daytime
temp.(°C)
No. of fruit 
per interval
Sampling
times
(hours)
Whole apple
Surface 10.06.92 22
2 0, 24Injection 17.06.92 17
Green citrus
Surface 10.06.92 32
2 0, 24Injection 17.06.92 22
Ripe citrus
Surface 10.06.92 32
2 0, 24Injection 17.06.92 22
both types were selected for the experiment. All applications were made using a 10 (x\ 
syringe: surface treatments were applied as a series of small droplets carefully spread over 
the fruit surface using the syringe needle to encourage evaporation of the solvent; flesh 
treatments were applied by injecting the syringe approximately 1 cm into the fruit and 
slowly dispensing the solution, discarding samples where any droplets were forced back to 
the surface upon withdrawal of the syringe. Fruit which had been treated were identified 
by a coloured tag attached to the stem.
After sampling, the fruit were taken to the laboratory for immediate extraction alongside 
corresponding samples of control (untreated) fruit. Each individual fruit was diced into 
small pieces using a scalpel then weighed into a 500 ml round-bottomed flask for analysis 
of 2,4,6-TCA and 2,4,6-TCP by GC/MSD (section 2.3.1).
2.10 Post-harvest fortification studies with 2.4.6-TCP
2.10.1 Post-harvest fortification of apples
Several experiments were conducted in which apples, both with and without peel, were 
fortified as whole and homogenised fruit at different fortification levels and under 
different conditions. These are summarised in Table 18. Unless otherwise stated, 
fortifications were made from standard solutions containing 1.0 mg/ml of 2,4,6-TCP in
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ethanol, and all subsequent analyses were conducted by GC/MSD (section 2.3.1). For 
the whole fruit experiments, a circle was marked on the surface of each fruit by 
drawing around the circumference of a No. 18 cork borer (approximately 2.5 cm i.d) 
with a marker pen. Using a 10 jitl syringe, 10 jttg of 2,4,6-TCP were carefully 
dispensed onto the surface of each fruit within the circles, distributing the solvent with 
the syringe needle before carefully evaporating it under a gentle stream of nitrogen. 
The fruit were then left on clean Benchkote sheets in open plastic trays until required 
for analysis of duplicate samples at intervals specified in Table 18.
Table 18: Summarv of post-harvest fortification experiments with 2.4.6-TCP
Sample type Variety Aliquot (g) Fortn.
level
Analysis
times(hours)
Homogenised whole fruit Bramley 100 1.0 mg 0 to 76.5
Homogenised whole fruit, pre- 
heated^ *^
Bramley 100 1.0 mg 0 to 48
1.0 mg 0 to 50
Homogenised fruit flesh Bramley 100 100 /*g® 0 to 51
10 0 to 73
Whole fruit, 
surface spiked
Skin disc Worcester
Pearmain
N/A 10 fxg 0 to 96,
Flesh core 0 to 8
Whole fruit. Skin disc Worcester N/A 10 (xg 0 to 48
injected Flesh core Pearmain
(1)
(2)
(3)
Brought to boiling point with water (25 ml) prior to cooling and fortification.
Ethanol (0.9 ml) added to maintain consistent fortification volume with corresponding 
experiments.
Fortified from a solution of 10 jag/ml in ethanol.
Immediately prior to each analysis, the No. 18 cork borer, pre-washed with ethanol and 
dried, was used to take a core through each apple using the marked circle as a guide. 
The core was then cut in half and the portion from the treatment circle to the centre of 
the fruit was retained. Using an ethanol-washed scalpel, the skin disc was removed
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from the retained core for separate analysis. Fortifications by injection were made as 
described in section 2.9.
Samples for homogenised fruit experiments were prepared in a Crypto-Peerless food 
processor for approximately 30 seconds. After weighing aliquots (100 g) into separate 
500 ml round-bottomed flasks, the samples were fortified with 1.0 mg of 2,4,6-TCP, 
distributing the pipetted droplets evenly over the homogenate. Further mixing was 
promoted by tapping the outside of the flasks by hand, whilst rotating them, to agitate 
the samples inside. The flasks were then sealed with parafilm and kept at room 
temperature to await analysis of duplicate samples at each interval.
2.10.2 Analysis of surface residues by FTIR
Using the technique of marking a circle onto the surface of an apple with a No. 18 cork 
borer, two apples (cv Empire) marked in this way were fortified within the circles with 
200 jug of 2,4,6-TCP from a solution containing 1,0 mg/ml in ethanol. The alcohol 
was evaporated under a gentle stream of nitrogen and the apples were analysed 24 
hours later by carefully cutting away the surface discs and pressing them onto the 
surface of a germanium ATR crystal for qualitative analysis by FTIR as described in 
section 2.2.4.
2.10.3 O-methvlation under sterile conditions
Unless otherwise stated, all of the equipment used in this experiment was pre-sterilised 
by autoclaving in a Portaclave Size 4 laboratory autoclave for 20 minutes then 
transferred to a Microflow horizontal laminar flow cabinet prepared for use as 
described in section 2.1.6.2.
Approximately 8 to 10 apples (cv Cox’s Orange Pippin) were fully immersed for 60 
seconds in a 1-litre capacity pneumatic trough containing ethanol (approximately 500 
ml), then removed with tongs and allowed to drain in the laminar flow cabinet. Using 
latex gloves (pre-wiped with ethanol) to handle the fruit, the apples were peeled, cut 
into cubes and transferred into a pre-sterilised stainless steel Waring blender bottom-
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drive homogeniser pot. After fitting the lid of the pot, containing an 0-ring seal, the 
fruit were homogenised for approximately 30 seconds then weighed (50 g in each) into 
six 500 ml round-bottomed flasks. Four of these samples were then fortified with 10 
jug of 2,4,6-TCP dispensed by 10 fxi syringe from a solution (1.0 mg/ml in ethanol) 
which had been pre-filtered through a pre-sterilised Whatman Polydisc TF 0.1 jum 
syringe filter. All of the flasks were then stoppered and left to incubate for 24 hours at 
room temperature.
Following incubation, one of the two remaining untreated samples was fortified with
2,4,6-TCA as a recovery test, leaving the other as a control. Double-distilled water 
(150 ml) was then added to each of the flasks which were then stoppered, removed 
from the laminar flow cabinet and taken into the laboratory for analysis of 2,4,6-TCA 
by GC/MSD (section 2.3.1).
During the course of the experiment, smears from non-sterile apple skin, sterile 
(ethanol-washed) apple skin and homogenised apple flesh were streaked onto duplicate 
sterile agar plates (section 2.1.4) using a flame-sterilised platinum wire. The plates 
were then covered, sealed with Parafilm, removed from the laminar flow cabinet and 
incubated at the prescribed temperatures for 24 to 48 hours.
2.10.4 Comparison with ’semi-sterile’ conditions
A further sample of homogenised apple flesh prepared under sterile conditions as 
described in section 2.10.3 was sub-divided and approximately half of the sample 
placed into a polythene bag for transfer to the laboratory where, under non-sterile 
conditions, two aliquots (50 g) were weighed into non-sterile round-bottomed flasks 
which had been previously rinsed with ethanol and dried. After fortification of the 
samples with 10 jug of 2,4,6-TCP, the flasks were stoppered and left for 24 hours at 
room temperature before addition of normal distilled water and analysis of 2,4,6-TCA 
by GC/MSD (section 2.3.1). Two aliquots (50 g each) from the remaining sterile 
sample were similarly prepared and incubated, but under the sterile conditions of 
section 2.10.3, before analysis alongside the semi-sterile samples.
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Additionally, duplicate individual whole fruit samples of both apples (c.v. Cox’s 
Orange Pippin) and citrus (minneola), either non-sterile or sterilised as described 
above, were surface-fortified with 10 jug of 2,4,6-TCP within a circle marked with a 
No. 18 cork borer. After incubation for 12 hours at room temperature, the skin discs 
were carefully removed from sampled cores using a scalpel and analysed for residues 
of 2,4,6-TCA (section 2.3.1).
2.10.5 Post-harvest fortification of other fruit
Citrus fruit (oranges - c.v. Clementine; minneola), bananas (c.v. Maya), avocados (c.v. 
Fuerte) and tomatoes (c.v. Daniella) were all fortified as homogenised fruit with 2,4,6- 
TCP using a solution containing 1.0 mg/ml in ethanol. Experimental details are 
summarised in Table 19. In each case, apart from tomatoes for which whole fruit were 
used, approximately 1 kg of fruit was carefully peeled (avocados were halved first, to 
remove the stones) prior to homogenisation of the flesh in a Crypto-Peerless food 
processor for approximately 10 to 30 seconds. Aliquots (50 g) were then immediately 
weighed into 500 ml round-bottomed flasks and fortified with 2,4,6-TCP (10 jug) using 
a 10 jul syringe. After mixing by swirling and tapping the outside of the flasks, the 
samples were sealed with Parafilm and kept at room temperature to await analysis of
2,4,6-TCA by GC/MSD (section 2.3.1). Duplicate samples were analysed after 0 and 
24 hours.
Preliminary extraction tests showed avocados to be particularly prone to foaming 
during heating, probably due to their relatively high fat content (Winterhalter, 1991). 
As a precaution, a replicate set of avocado samples was pre-extracted with hexane in a 
soxhlet apparatus for 12 hours and the extracts concentrated to approximately 5 ml by 
rotary evaporation before transferring into the steam distillation flask containing water 
(150 ml).
Additional experiments were conducted on whole citrus samples in which the fruit were 
either surface-spiked within a marked circle or injected approximately 1 cm into the 
flesh, as described for apples in sections 2.12 and 2.9. At the time of analysis, the 
entire flesh of each fruit was extracted, after homogenisation in an Ultra-Turrax
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Table 19: Summarv of post-harvest fortification experiments with 2.4.6-TCP
Sample type Variety Aliquot
(g)
Fortification
level
Analysis
times(hours)
Homogenised citrus flesh Clementine 50 10 jug 0 and 24
Homogenised citrus flesh, pre- 
heated^ '^
Clementine 50 10 /ig 24
Whole citrus 
fruit, surface 
spiked
Peel disc Minneola N/A 10 jug 0 to 116
Flesh
Whole citrus 
fruit, injected
Homogenised
flesh
Clementine N/A 10 jug 0 and 24
Avocado flesh 50 10 jug 0 and 24
Banana flesh® 50 10 jug 0 and 24
Homogenised whole tomato® 50 10 jug 0 and 24
(I)
(2)
Brought to boiling point with water (25 ml) prior to cooling and fortification.
Surface-sterilised by immersion of fruit in ethanol (1 min.) before peeling and/or 
homogenisation.
homogeniser, as it was not feasible to take cores. Duplicate samples were analysed at 
intervals up to 116 hours (Table 19).
2.11 Fortification of apples with 2.4.6-TCA
Twelve whole apples (c.v. Cox’s Orange Pippin) were each injected to a depth of 1-2 cm 
with 1 fig of 2,4,6-TCA from a solution containing 100 jug/ml in ethanol. The fruit were 
then left on a clean sheet of Benchkote in an open tray at room temperature until required 
for analysis. Duplicate samples were analysed for remaining 2,4,6-TCA by GC/MSD 
(section 2.3.1) at intervals between 0 and 11 days. The extracts from the day 0 samples 
were re-injected into the GC alongside each subsequent batch of analyses in order to 
calculate residues relative to the starting point.
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2.12 Post-harvest fortification of apples with prochloraz
Approximately 3 kg of fresh fruit (c.v. Bramley) were peeled and the flesh homogenised in 
a Crypto-Peerless food processor for approximately 30 seconds. The homogenate was 
immediately weighed into 15 separate 500 ml round-bottomed flasks (100 g in each), 12 of 
which were then fortified with 1.0 mg of prochloraz from a solution of 1.0 mg/ml in 
ethanol. The flasks were then sealed with Parafilm and left at room temperature to await 
analysis of 2,4,6-TCA and 2,4,6-TCP by GC/MSD (section 2.3.1). Duplicate samples 
were extracted at six time intervals spread over approximately 135 hours, beginning at 
Time 0, immediately following fortification. In addition, a control sample and recovery 
efficiency tests with 2,4,6-TCA and 2,4,6-TCP were similarly analysed.
A subsequent experiment was conducted on whole, individual fruit (c.v. Cox’s Orange 
Pippin) to study prochloraz penetration and degradation. A circle was marked on the 
surface of each fruit by drawing around the circumference of a No. 18 cork borer with a 
marker pen (24 fruit in total). Using a 10 fi\ syringe, each fruit was fortified on the 
surface within the circle with 100 jug prochloraz from a solution of 10 mg/ml in ethanol, as 
described in section 2.10.1. The fruit were then left on clean Benchkote sheets in open 
plastic trays until required for analysis at intervals between 0 and 48 hours.
Immediately prior to each analysis, the No. 18 cork borer, pre-washed with ethanol and 
dried, was used to take a core through each apple as previously described (section 2.10.1) 
using the marked circle as a guide. At each analysis interval, four fruit were prepared in 
this way, two for separate skin and flesh analysis of prochloraz, BTS 44595 and BTS 
44596 by HPLC (section 2.3.2), and two for separate skin and flesh analysis of 2,4,6-TCA 
and 2,4,6-TCP by GC/MSD (section 2.3.1), i.e. a total of 8 analyses per interval.
The prochloraz fortification experiments are summarised in Table 20.
-89-
Table 20: Summary of post-harvest fortification experiments with prochloraz
Sample type Fortification level Analysis
intervals
Analysis
Homogenised apple flesh 1.0 mg 0 to 135 hours 2.4.6-TCA
2.4.6-TCP
Whole apple 
fruit
Skin disc
0.1 mg 0 to 48 hours
Prochloraz 
BTS 44595 
BTS 44596
2.4.6-TCA
2.4.6-TCP
Flesh
core
2.13 Simulated commercial post-harvest treatment
2.13.1 Experimental design
Laboratory-scale simulations were conducted in which fruit were immersed in dips 
prepared from 40EC formulations of:
a) prochloraz technical grade material, as used commercially, and
b) purified analytical grade prochloraz.
Comparative residue analyses and taint tests were subsequently completed.
2.13.2 Preparation of purified formulation
Analytical grade prochloraz (0.25 g) was dissolved in hexane (160 ml) using an 
ultrasonic bath to aid dissolution. The solution was then transferred to a separating 
funnel and partitioned with 0.05 M potassium hydroxide solution (2 x 60 ml) to remove 
any 2,4,6-TCP which may have been present as an impurity. After decanting the 
hexane solution into a 500 ml round-bottomed flask and concentrating to a final volume 
of approximately 20 ml by rotary evaporation at 30 °C, the solution was transferred to 
a pre-weighed 20 ml sample vial and further concentrated under a stream of nitrogen at 
room temperature until only an oily residue remained. The vial was then re-weighed to
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determine the weight of purified prochloraz before adding 40EC formulation blank 
(approximately 0.3 g) and re-weighing again. Prochloraz was then dissolved by 
vibrating the vial in a vortex mixer.
2.13.3 Treatment and analysis of fruit samples
Dip solutions were prepared at a concentration of approximately 40 g ai/hl, which was 
representative of the higher application rates used in field trials for the post-harvest 
treatment of tropical fruits. To do this, either the 40EC commercial formulation (0.5 
g) or the purified formulation prepared in section 2.13.2 was rinsed into a conical flask 
with distilled water (approximately 500 ml) and thoroughly mixed to give a final 
concentration of approximately 0.4 g ai/1, later verified by dilution of an aliquot (0.3 
ml) with methanol (50 ml) for analysis of prochloraz by HPLC (section 2.3.2). In 
practice, these solutions were prepared and used on different occasions due to the large 
numbers of analyses generated from the subsequently-treated samples.
At the time of treatment, six or ten fresh fruit of each of the types chosen for the 
experiment (apples, clementines, bananas) were immersed in the dip solution contained 
in a 1-litre capacity stainless steel bowl and submerged for 60 seconds before removing 
and leaving to dry on a sheet of clean Benchkote for 30 minutes at room temperature. 
Duplicate samples of each type were then immediately analysed for surface residues of 
prochloraz,BTS 44595 and BTS 44596 by immersion in ethyl acetate and determination 
by HPLC (section 2.3.2). The remainder were left on clean Benchkote in an open 
plastic tray at room temperature until analysed at intervals of 4 to 6 days. On each of 
these occasions, four samples of each fruit type were careftilly peeled, weighed and 
duplicate flesh samples homogenised either with water (50 ml) for subsequent analysis 
of 2,4,6-TCA and 2,4,6-TCP by GC/MSD (section 2.3,1) or with acetone/ethyl acetate 
for analysis of prochloraz, BTS 44595 and BTS 44596 by HPLC (section 2.3.2). Peel 
samples were weighed then stored frozen in 8oz screw-cap glass bottles until analysed 
later for 2,4,6-TCA and 2,4,6-TCP by cutting into small pieces and proceeding with 
the established approach (section 2.3.1). The experimental details are summarised in 
Table 21.
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Table 21: Summary of details for simulated commercial P.H. dips
Sample type Treatment Analysis times 
(hours)
Substrate Analysis
Apple (c.v. Cox’s 
Orange Pippin)
Orange
(c.v. Clementine) 
Banana (c.v. Maya)
Commercial 40EC
0 Surface Prochloraz 
BTS 44595 
BTS 44596140
Flesh
Flesh, peel 2.4.6-TCA
2.4.6-TCP
Purified EC
0 Surface Prochloraz 
BTS 44595 
BTS 4459696, 144
Flesh
Flesh, peel 2.4.6-TCA
2.4.6-TCP
Dip solution N/A 0 Dip solution
Prochloraz 
BTS 44595 
BTS 44596
2.13.4 Taint testing
A subsequent experiment of similar design was established primarily to provide 
samples for taint testing. Using bananas as the model, these having had strong 
associations with post-harvest taints, 14 fruit were dipped for 60 seconds each in fresh 
solutions (approximately 0.4 gai/hl) prepared from the commercial 40EC and purified 
40EC formulations as described above. After drying, 12 of the fruit from each 
treatment, together with 24 untreated fruit, were separately packaged in labelled, brown 
paper bags and sent to the CFDRA by overnight carrier; the remaining fruit were 
similarly stored in the laboratory at room temperature until subsequently homogenised 
and analysed (flesh only) for 2,4,6-TCA and 2,4,6-TCP by GC/MSD (section 2.3.1), 5 
days after treatment. Taint tests on the duplicate samples were conducted by CFDRA 
4 days after treatment.
In addition, both of the dip solutions were analysed for prochloraz content as in section
2.13.3 and for impurity levels of 2,4,6-TCP as described in section 2.4.
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2.14 Characterisation of 0-methvlation in apples
2.14,1 Comparative Q-methvlation of chioroohenols
Approximately 2 kg of apples (c.v. Bramley) were surface-sterilised by submersion in 
ethanol for 60 seconds, allowed to dry then peeled and the flesh homogenised in a 
Crypto-Peerless food processor for approximately 30 seconds. Ten aliquots (100 g) of 
the homogenised fruit were then immediately weighed into 500 ml round-bottomed 
flasks and fortified with 1.0 ml from a solution containing 1.0 mg/ml each of 4- 
chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2,6-dichlorophenol (2,6-DCP) and 
. 3,4,5-trichlorophenol (3,4,5-TCP). After mixing by swirling and tapping the outside 
of the flasks, the samples were sealed with Parafilm and left at room temperature until 
subsequently analysed for residues of the corresponding anisoles by GC/MSD (section
2.3.1). Duplicate samples were analysed at each of five intervals between 0 and 50 
hours. Recovery efficiency tests with the corresponding anisoles were conducted
alongside the sample analyses.
Following this experiment, a further batch of homogenised flesh was prepared from the 
same source and aliquots (6 x 100 g) fortified with 1 mg of 2,4,6-TCP from a solution 
containing 1.0 mg/ml in ethanol plus 1 mg each of 2,4-DCP and 2,6-DCP from a 
mixed solution containing 1.0 mg/ml of each in ethanol. Duplicate analyses were 
performed after 18, 43 and 78 hours.
To provide a more direct comparison between the 0-methylation of 2,4,6-TCP with 
and without the presence of the dichlorophenols, a third batch of homogenised flesh 
was divided into 12 aliquots (100 g each) in 500 ml round-bottomed flasks, six of 
which were fortified with 2,4,6-TCP, 2,4-DCP and 2,6-DCP exactly as described 
above and six which were fortified with 1.0 mg of 2,4,6-TCP alone, adding extra 
ethanol (1.0 ml) to maintain consistency between the two subsets. Duplicate samples 
from each subset were analysed after 5, 25 and 48 hours.
Using a different variety of apples (c.v.Cox’s Orange Pippin), 2,4-DCP and 2,6-DCP 
were compared independently with 2,4,6-TCP by fortifying aliquots (50 g) of
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homogenised flesh with 1 (ig 2,4,6-TCP either alone (from a solution of 1(X) /xg/ml in 
ethanol) or with 100 fig of 2,4-DCP or 2,6-DCP (from a solution of 100 fig/ml 2,4,6- 
TCP -1-10 mg/ml DCP in ethanol). The samples were sealed and left to incubate at 
room temperature for 24 hours.
2.14.2 Inhibition from plant nhenolics and cycloheximide
In higher plants, O-methylation is particularly associated with phenylpropanoid 
metabolism in biosynthetic pathways leading to the formation of lignin and flavanoids 
(Poulton et al., 1976). Two representative compounds which undergo O-methylation 
within these respective pathways are caffeic acid and quercetin (Figure 32), both of 
which possess a 3,4-dihydroxylated phenyl ring, or catechol, moiety. Several 
experiments were therefore conducted to examine the influence of relatively high 
concentrations of these compounds upon the O-methylation of 2,4,6-TCP. Under 
comparable conditions, the effect of adding cycloheximide, a known inhibitor of 
protein synthesis (Langcake et al., 1983) was also tested.
Figure 32: Chemical structures of caffeic acid and quercetin
COOH
OH
OH
Caffeic acid
oQ
OH O
Quercetin
Samples of whole, fresh apples (c.v. Cox’s Orange Pippin) were marked with a circle 
using a No. 18 cork borer as described in section 2.10.1 then injected in the centre of 
the circle, approximately 1 cm into the flesh, with 10 fi\ from solutions containing
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2,4,6-TCP either alone or with catechol, caffeic acid or quercetin, as summarised in 
Table 22. The samples were left to incubate at room temperature for 24 hours before 
analysis of the injected cores for residues of 2,4,6-TCA by GC/MSD (section 2.3.1).
Table 22: Fortification of apples with 2.4.6-TCP and plant phenolics
Sample
type
Fortification amount (/*g)
2,4,6-TCP Catechol Caffeic
acid
Quercetin Cycloheximide
1.0
1.0 10.0
Whole fruit 1.0 10.0
1.0 10.0
1.0 100.0
Homogenised 1.0 100.0
flesh 1.0 100.0
A similar experiment was conducted with homogenised apple flesh in which aliquots 
(50 g) in 500 ml round-bottomed flasks were fortified with 2,4,6-TCP either alone or 
with catechol, caffeic acid or cycloheximide (Table 22).
2.14.3 Comparative enzvme kinetics
Rates of O-methylation were measured at varying substrate concentrations for selected 
chlorophenols and catechol. Each separate experiment was conducted with aliquots (50 
g) taken from a uniform batch of homogenised apple (c.v. Cox’s Orange Pippin), 
prepared from fruit which had previously been surface-sterilised and peeled. The 
aliquots were independently fortified with different amounts of the various substrates as 
summarised in Table 23 and left to incubate alongside each other at room temperature 
for a period of approximately 24 hours unless otherwise stated. Fortification levels 
between 1 and 20 fxg were dispensed from solutions containing 1.0 mg/ml of substrate
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in ethanol using a 10 fil syringe. Lower levels were prepared by pipetting the 
appropriate volumes from solutions containing 1.0 fig/ml of substrate into separate 20 
ml sample vials containing complementary volumes of ethanol necessary to give total 
ethanol volumes of 0.5 ml. After addition of distilled water (5.0 ml) to each of the 
vials, the diluted solutions were added to the homogenised apple aliquots using a 
Pasteur pipette and swirling to mix before sealing the samples for incubation. In view 
of the practical problems involved in simultaneously preparing and analysing the 
relatively large numbers of samples needed in each experiment to provide valid 
comparisons between substrates under equivalent conditions, only single aliquots were 
used for each fortification level of each substrate.
After incubation, the samples were analysed for residues of the corresponding anisoles 
by GC/MSD (section 2.3.1). Extracts for determination of guaiacol from catechol 
were acetylated prior to GC/MSD as decribed for 2,4,6-TCP.
Table 23: Summarv of enzyme kinetics experiments
Sample type Substrates Fortification range (/ig)
Homogenised 
apple flesh
2,4-DCP
2.6-DCP
2.4.6-TCP 
Catechol
10'
2,4-DCP
2.6-DCP
2.4.6-TCP
1 .0 - 10
2-CP
2,4-DCP
2.6-DCP
2.4.6-TCP
0 .1 4 3 -0 .5 0
Samples extracted after incubation times of 0, 5, 8, 18 and 24 hours.
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3 RESULTS AND DISCUSSION
3.1 Method for the determination of residues of 2.4.6-TCA and 2.4.6-TCP in fruit
3.1.1 Strategical considerationsIt
The extraction of trace residue levels of chlorinated anisoles and phenols by steam 
distillation offered the great advantage of providing simultaneous clean-up of the extract 
by separating the analytes from non-volatile endogenous materials. Previous reports have 
made extensive use of this principle via application of the modified Likens-Nickerson 
apparatus (Schultz et al., 1977) for the quantitation of trace residues of these compounds 
in various matrices. Whilst the apparatus is obviously effective for this purpose, it was 
felt that there were some practical limitations in terms of meeting the aims of this thesis: 
the apparatus is a specialised piece of glassware, not widely available commercially; it is 
complex and delicate in construction and therefore expensive as a consequence; in use, it 
requires careful adjustment of both the aqueous and organic solvent volumes in each 
sidearm, and two heating mantles are needed for the extraction of a single sample. The 
extraction of more than one sample simultaneously, as part of a batch, would therefore 
require complete replication of the apparatus. By contrast, the low-volume liquid-liquid 
extractors used in this thesis were much simpler to use, required only one heating mantle 
per sample and were readily suited to batch analysis, an important consideration when 
relatively large numbers of samples need to be processed under comparable conditions.
The inclusion of an acétylation step for 2,4,6-TCP residues was considered necessary 
after early validation tests had been conducted in which the free phenol itself was 
chromatographed. Although chromatographic resolution was satisfactory, as illustrated by 
the chromatogram in Figure 33, it was evident that the GC response for 2,4,6-TCP 
residues varied according to the sample matrix being injected. This was attributed to 
adsorption effects inside the glass liner in the GC injection port. The liner, used for the 
transfer of the volatilised sample onto the GC column during splitless injection, was 
packed with a small plug of quartz wool (Grob and Neukom, 1984). The problem 
occurred even though both the liner and the wool had been silanised prior to use, and 
persisted when the wool was removed, suggesting that a significant number of active sites
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remained on ali surfaces exposed to the sample during injection.
Further investigation clearly demonstrated that the response increased when injecting from 
a sample extract matrix as opposed to pure organic solvent, as used for calibration 
standards. Presumably the sample matrix occupied a large proportion of the active sites 
in the liner, allowing 2,4,6-TCP a clearer passage to the column. Re-injection of a 
calibration standard immediately after a sample extract also showed an enhanced phenol 
response, and the only successful means of maintaining consistent and acceptable method 
performance was to prepare calibration standards in extracts from control samples of the 
matrix being tested, as response also varied from matrix to matrix, e.g. from grape to 
apple. For satisfactory results, the same weight of sample had to be extracted for each 
calibration standard and test sample within a given analysis batch.
These requirements restricted the scope of the method in terms of the applicability of a set 
of calibration standards and the combinations of sample types which could be analysed 
simultaneously within the same batch. For these reasons, the alternative approach of 
acetylating the phenolic group was developed. The procedure was modified from the 
classical method described by Blau and King (1977) involving acetic anhydride and acetic 
acid with chloroform as the solvent. Experimentation with conditions showed that 
acétylation of 2,4,6-TCP proceeded efficiently in pentane solution even when acetic acid, 
recommended as a catalyst (Finar, 1973) was omitted, providing that acetic anhydride was 
thoroughly shaken with the pentane to produce a miscible solution. Upon completion of 
the reaction, after two hours at room temperature, the excess anhydride was destroyed by 
addition of 0.05 M potassium hydroxide solution which formed a separate aqueous layer 
retaining the resulting acetic acid. The 2,4,6-TCPA derivative remained in the pentane 
extract together with 2,4,6-TCA and 2,4-DBA which were both unaffected by the 
acétylation conditions.
In practice, this procedure proved to be a very reliable, yet very simple, post-extraction 
step causing no adverse effects in the overall analysis. Although a similar derivatisation 
approach has been reported previously for chlorophenols (Tschochner et al., 1989), 
acétylation was carried out in the aqueous phase at approximately pH 8, which is 
consistent with the belief by some authors that phenolate ions are a pre-requisite for
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Figure 33: Chromatography of free 2.4.6-TCP rnon-acetvlfltedV
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successful acétylation (Ballesteros et a l ,  1990); this would have introduced undesirable 
complications into a method involving simultaneous chloroanisole determination, which 
may be a significant reason why chlorophenol off-flavours have tended to be determined 
separately by HPLC (Sha and Stanley, 1983), sometimes after prior derivatisation to 
enhance sensitivity (Fayyad et a l ,  1989; Kwakman et a l ,  1991).
The purpose of the GC marker compound, 2,4-DBA, was to eliminate potential errors 
which may have arisen during transfer of pentane extracts for derivatisation and 
concentration, and from fluctuations in GC injection volume. Originally, 2,3,4,6-TECA 
was the chosen marker compound, which was entirely suitable for the analysis of samples 
from controlled sources. Given the desirability for broader applicability of the method 
coupled with the fact that, like 2,4,6-TCP, trace residues of 2,3,4,6-TECP may arise in 
the environment from a variety of sources (section 1.4.2), it was subsequently considered 
preferable to seek an alternative marker compound. Five trichloranisole isomers were 
tested in this respect and found to be potentially suitable (Figure 34), but the better option 
was to avoid chlorinated anisole marker compounds altogether in favour of 2,4-DBA.
The mass selective detection of residues was based upon selected ion monitoring (SIM) of 
specific groups of fragment ions from the respective mass spectra of 2,4,6-TCA, 2,4,6- 
TCPA and 2,4,6-DBA, which are shown in Figure 35. In order to optimise sensitivity, 
whilst preserving a confirmatory aspect in the form of characteristic ion ratio values, only 
two ions were monitored for each compound. The ions were chosen primarily for their 
high relative abundance and mass, but also taking into account the effects of potential 
coextractive interferences from fruit sample matrices. Applying these considerations, m/z 
195, the base peak, was chosen for 2,4,6-TCA alongside m/z 210, the ion from the 
chlorine isotope pattern of the molecular ion. For 2,4,6-TCPA, m/z 196 and 198 were 
selected from the chlorine pattern of the base peak, with m/z 266 (M’*') and 268 
((M +2)^) for 2,4,-DBA, the GC marker compound. Further gains in sensitivity were 
obtained by increasing SIM dwell times to 200 msecs per ion and by selectively tuning 
the detector for optimum response over a mass range appropriate to the analyte ion 
groups. The latter was achieved by running the ’Autotune’ program in ’mid-mass’ mode 
prior to each series of analyses; this tuned the detector for optimum response against the 
ions in the middle of the mass range covered by the spectrum of PFTBA.
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Figure 34: GC separation of tri chloroanisole isomers.
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Figure 35: Mass spectra of 2.4.6-TCA. 2.4.6-TCPA and 2.4-DBA
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3.1.2 Method validation
Recovery efficiency of the method was extensively tested for a wide variety of fruit 
crops, the data for which are summarised in Table 24. Overall mean recovery values 
gave an indication of comparative performance between different crops, the general 
picture being similar in all cases, with mean recovery efficiencies in excess of 80% and 
corresponding coefficients of variation better than 20%.
From this substrate-consistent performance, the total recovery data were re-combined 
across all crops for a series of fortification levels, in order that recovery efficiency and 
precision could be evaluated against varying residue concentration. These data, presented 
in Table 25, were evaluated by linear regression analysis (Boddy and Caulcutt, 1980), the 
outcome of which is shown in Figure 36. Recovery efficiency showed a linear 
relationship with concentration over the ranges 0.05 to 20 /xg/kg for 2,4,6-TCA and 0.2 
to 2.0 jtig/kg for 2,4,6-TCP, the slopes of the graphs in Figure 36 indicating an overall 
efficiency of 85.9 ±  2.9% (95% confidence interval) for 2,4,6-TCA and 91.1 % ±  9.4% 
for 2,4,6-TCP.
A similar relationship held for precision, although the degree of variability was higher, as 
indicated by the values of the regression coefficients. Overall estimates of precision from 
regression analysis translated as CVs of 11.7% +  4.9% for 2,4,6-TCA and 16.9% ±  
5.8% for 2,4,6-TCP, the latter reflecting a probable influence from variable crop 
background contributions, as discussed below.
The lowest fortification levels at which successful recovery efficiencies have been 
obtained were 0.05 jtig/kg for 2,4,6-TCA and 0.20 /xg/kg for 2,4,6-TCP. Comparing 
these with apparent residue levels found in unspiked control samples (Table 26), the 
former is a feasible limit of determination for residues of 2,4,6-TCA, but the limit for
2,4,6-TCP is not so low due to higher background levels. These suggest that 0.5 jitg/kg 
is a realistic limit, although in citrus fruit this may need to be revised to 1-2 jixg/kg. 
Given that chromatograms obtained by the MSD procedure (Figure 37) were relatively 
free from coextractive interferences, and that retention times and ion ratios were
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Table 24: Summarv of recovery efficiency data according to sample type
Substrate Analyte Fortification
range
(Mg/kg)
No. of 
tests
Recovery efficiency (%)
Range Mean CV*
Apple 2,4,6-TCA 0.05 - 20 22 70 - 102 85.3 10.2
2,4,6-TCP 0.25 - 2.0 12 72 - 120 92.9 15.7
Peach 2,4,6-TCA 0.33 - 1.3 24 81 -9 7 89.8 5.2
2,4,6-TCP 0.33 - 0.67 4 94 - 100 96.3 2.7
Grape 2,4,6-TCA 0.10 - 1.3 32 68 - 95 83.3 8.6
2,4,6-TCP 0 .2 0 -  1.3 39 70 - 120 102.0 12.7
Raspberry 2,4,6-TCA 0.20 - 20 24 7 2 -  110 88.3 11.3
2,4,6-TCP 0.20 - 0.33 6 76 - 104 89.0 12.4
Strawberry 2,4,6-TCA 0.20 - 0.33 3 82 - 110 99.0 15.2
Citrus 2,4,6-TCA 0.05 - 2.0 20 7 2 -  110 92.3 14.7
2,4,6-TCP 0.25 - 2.0 11 72 - 120 91.8 18.6
Banana 2,4,6-TCA 0.05 - 0.50 5 7 6 -9 1 84.6 7.4
2,4,6-TCP 0.25 - 2.0 4 75 - 84 81.3 5.3
Papaya 2,4,6-TCA 0 .5 0 -  1.0 2 84 - 92 88
2,4,6-TCP 0.50 - 1.0 2 94 - 104 99 -
Lychee 2,4,6-TCA 0.25 - 1.0 6 79 - 87 81.2 4.3
2,4,6-TCP 0.20 - 2.0 6 71 - 100 91.0 13.2
Total 2,4,6-TCA 0.05 - 20 138 68 - 110 88.0 9.8
2,4,6-TCP 0.20 - 2.0 84 70 - 120 92.9 11.5
Coefficient of variation
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Table 25: Summarv of recovery efficiency data according to fortification level
Fortification 
level ( f i g / k g )
Analyte No. of 
tests
Recovery efficiency (%)
Mean CV Level recovered 
(/xg/kg)
0.05 2,4,6-TCA 8 91.9 16.1 0.046
0.10 2,4,6-TCA 4 87.3 17.1 0.087
0.20 2,4,6-TCA 16 88.8 11.4 0.178
2,4,6-TCP 4 108.3 9.4 0.217
0.25 2,4,6-TCA 6 80.7 7.3 0.202
2,4,6-TCP 7 85.4 11.2 0.214
0.33 2,4,6-TCA 16 88.1 10.2 0.291
2,4,6-TCP 18 89.9 15.2 0.297
0.50 2,4,6-TCA 14 85.5 8.5 0.428
2,4,6-TCP 12 96.7 15.7 0.484
0.66 2,4,6-TCA 30 87.1 9.5 0.575
2,4,6-TCP 16 106.3 8.3 0.702
1.0 2,4,6-TCA 15 89.1 12.8 0.891
2,4,6-TCP 9 93.4 9.1 0.934
1.3 2,4,6-TCA 16 84.4 9.2 1.10
2,4,6-TCP 10 104.8 8.4 1.36
2.0 2,4,6-TCA 3 88.0 16.7 1.76
2,4,6-TCP 5 88.6 23.6 1.77
10 2,4,6-TCA 3 87.3 7.3 8.73
20 2,4,6-TCA 3 85.7 3.7 17.1
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Table 26: Apparent residues in control samples
Analyte No. of 
results
Apparent residues (/tg/kg) Feasible
LOD(')Range Mean(x) Std.dev.(n) X +  2 a
2,4,6-TCA 56 N.D. - 0.07 0.005 0.004 0.013 0.02
2,4,6-TCP 37 N.D. - 0.46 0.15 0.09 0.32 0.50
2,4,6-TCP 11(2) N.D. - 1.2 0.37 0.41 1.19 1 to 2
Limit of determination 
Data relating to citrus only
consistent with those for 2,4,6-TCPA, the assumption made is that background levels 
reflected the true ubiquity of 2,4,6-TCP at sub-jixg/kg concentrations (Crosby, 1981; 
Lampi et al., 1990; Zemek et al., 1991).
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Figure 36: Regression analysis of recovery efficiency data
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Figure 37: Representative GC/MSD chromatograms from fruit sample extracts.
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B ) C o n tr o l a p p le  e x tr a c t  ; n o  d e te c ta b le  2 ,4 ,6 - T C A ;  0 ,0 6 p g /k g  a p p a r e n t  2 ,4 ,6 - T C P
TIC: 0801009.DA bundance
2,4,6-TCPA
3000
2400 2.4-DBA2,4,6-TCA
retention1800
1200;
600
Time (min.)GC/MSD conditions
Colunm: PTE-5, 30m x 0.25mm i.d., 0.25pm df. Helium at 0.75ml/min.
Injection: 2pl splitless; 180°C; purge aller Imin.
Progranune: 40°C for 2 min,; 15°C/mm. to 2 10°C for 8 min.
Detection: 280°C; Ion groups m/z 195, 210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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3.1.3 Determination of other chlorinated anisoles and guaiacol
By slight modification of the GC/MSD conditions, essentially in terms of the SIM groups 
used for detection purposes, the methodology was extended to include other chlorinated 
anisoles. To confirm the validity of these inclusions, a limited number of recovery 
efficiency tests were conducted, the results of which are shown in Table 27. The 
chromatogram in Figure 38 (a) represents simultaneous determination of 4-CA, 2,4-DCA,
2,6-DCA, 2,4,6-TCA and 3,4,5-TCA, with 2,3,4,6-TECA as the GC marker compound, 
in a recovery efficiency test with apples. Similarly, Figure 38 (b) shows a recovery test 
which includes guaiacol (2-hydroxyanisole), the product of O-methylation of catechol.
Table 27: Recoverv efficiencies of other anisoles
Analyte Substrate Fortification 
level (ug/kg)
Recovery efficiency (%) 
(individual tests)
2-CA Apple 2.0 53*
4-CA Apple 1.0 60
2.0 90
2,4-DCA Apple 1.0 90
2.0 87, 71, 95
2,6-DCA Apple 1.0 60
2.0 77, 85
3,4,5-TCA Apple 1.0 90
2.0 95
Guaiacol Apple 1.0 105
2.0 128, 85
* Extract inadvertently taken to dryness during concentration under nitrogen.
The method developed for guaiacol was based upon acétylation to 2- 
methoxyphenylacetate, using the conditions established for the acétylation of 2,4,6-TCP 
(section 2.3.1.1). In order to determine a suitable SIM group, a standard containing 0.5 
IJLg of guaiacol was acetylated and injected into the GC using MSD in TIC mode. One
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Figure 38: Determination of 4-CA. 2.4-DCA. 2.6-DCA. 2.4.6-TCA. 3.4.5-TCA and Puaiaml
A )  R e c o v e r y  e f f ic ie n c y  w ith  c W o r in a te d  a n is o le s  a t  2 .0  p g /k g : 4 - C A
2 ,4 - D C A
2 ,6 - D C A
3 .4 .5 - T C A
9 0 %
9 5 %
X 5%
9 5 %
A bundance T 2,4-DCA 3,4,5-TCA
2,6-DCA
6000 4
3000
4-CA
2,3,4,6-TECA
9.00 10.00 11.00 12.00
- I — I— I— '— --13 nn  
Time (mins)
GC/MSD conditions
Colunm: PTE-5, 30m x 0.25mm i.d., 0.25^n df. Helium at 0.75m!/min.
Injection; 2}tl splitless; 180“C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280“C; Ion groups m/z 142, 144 (4-CA); 176, 178 (DCA); 195, 210 (3,4,5-TCA); 246, 248 (2,3,4,6-TECA)
B ) R e c o v e iy  e f f ic ie n c y  t e s t  in c lu d in g  g u a ia c o l  a t  2 .0  j.ig /k g :- 2 ,6 - D C A
G u a ia c o l
2 ,4 - D C A
2 ,4 ,6 - T C A
7 7 %
8 5 %
8 7 %
8 5 %
GuaiacolA bundance
60000 :
2,4-DCA48000 -
2.4.6-TCA2,6-DCA36000 -
24000- 2,4-DBA
12000 -
12.00 13.0011.009.00 10.00
Time (min.)
GC/MSD conditions
Column: PTE-5, 30m x 0.25mm i.d., 0.25pm df. Helium at 0.75ml/min.
Injection: 2pl splitless; 180°C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 2 10°C for 8 min.
Detection: 280°C; Ion groups m/z 176, 178 (DCA); 109, 124 (2-MeOPA); 195,210 (2,4,6-TCA); 266,268 (2,4-DBA)
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significant peak was obtained at 9.9 min., with a mass spectrum showing a base peak at 
m/z 97, and a slightly smaller response at m/z 95; these two ions were therefore initially 
chosen to form the SIM group. Subsequently, however, injections of control and 
recovery extracts from apples showed a peak of similar magnitude at 9.9 min., which was 
not expected unless guaiacol was present naturally at significant concentrations. Upon 
closer examination, it appeared difficult to reconcile the selected ions with the structure 
of 2-methoxyphenylacetate. This was confirmed by consultation of an eight-peak 
reference index (Mass Spectrometry Data Centre of the Royal Society of Chemistry, 
1983) for the El mass-spectrum of 2-methoxyphenylacetate, which listed the base peak as 
m/z 124 with a secondary ion at m/z 109. Subsequent injection of the acetylated extract 
from a reagent blank confirmed that the problem was caused by a co-eluting artefact 
containing m/z 95 and 97 (Figure 39). As there were no ions of m/z 124 or 109 in the 
mass spectrum recorded from the artefact peak, these were chosen as the revised SIM 
group for 2-methoxyphenylacetate. The validity of the revised conditions was confirmed 
by the recovery tests shown in Table 27.
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Figure 39: Comparative mass spectra from acetylated guaiacol standard and reagent hlanlc
A ) M ass spcctnim  from peak apex, acetylated guaiacol standard
Scan 639 (9.886 min); 4401046.D
A bundance
300000
200000
50 60 70 80 SO 100 110 120 130 140 150 160 170 180 190 200
m/z
B ) M ass spectrum  from  peak dow nslope, background subtracted re- peak upslope
A bundance
m/z
C) M ass spectm m  from reagent blank
A bundance
240000
200000
160000
120000
80000
40000
0
50 60 70
Scan 647 (9.920 min): 5501001 D
I —"-r90 100 110 120 130 140 150 160 170 180 190 200
m/z
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3.2 Method for the determination of prochloraz and metabolites in fruit
This analytical method was developed primarily to be able to examine the loading and 
subsequent breakdown of prochloraz residues arising from post-harvest applications, although 
the development of a satisfactory HPLC separation of prochloraz, BTS 44595 and BTS 44596 
was also necessary for studying photodegradation and hydrolysis. Whilst a procedure for the 
determination of residues of prochloraz in post-harvest treated oranges has previously been 
published (Lafiiente and Tadeo, 1984), analysis was restricted to the parent compound only.
Satisfactory extraction of residues from fruit flesh was achieved by homogenisation of fruit 
samples with acetone, a water miscible solvent, which has been shown to be an effective 
approach to the analysis of non-conjugated pesticide residues from matrices with a high 
water/low fat content (Luke and Masumoto, 1986). The addition of hexane in a 1:1 mixture 
with acetone was, however, found to be necessary in order to promote efficient drying of the 
extracts over anhydrous sodium sulphate prior to clean-up by solid-phase extraction. Early 
recovery tests with reagent blank extracts also indicated that the the drying step itself was a 
potential source of loss of prochloraz, presumably by adsorption. This problem was resolved 
by using ethyl acetate, a more polar solvent, to wash the sodium sulphate after drying.
In terms of the SPE clean-up, an amino-bonded phase was found to offer adequate selectivity 
in separating the analytes from unwanted coextractives, although several other phases were 
evaluated, including C^ g in reversed-phase mode and diol and cyano-bonded phases using 
normal phase conditions. In general, the latter were preferable for eluting the three analytes 
in the same fraction. Final HPLC determination was initially established under similar 
conditions, using an amino-bonded column (Supelcosil LC-NH2) in normal phase mode, 
eluting with a mixture of 5% isopropanol in hexane at 1.5 ml/min. When these conditions 
were tested with apple extracts, however, a coextractive peak interfered with prochloraz 
determination. Switching to reversed-phase conditions with Spherisorb 5 ODS eliminated this 
problem, as shown by the chromatogram obtained from a recovery efficiency test with apple 
(Figure 40).
The suitability of the method for the determination of prochloraz, BTS 44595 and BTS 44596
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Figure 40: Analysis of prochloraz and metabolites in fruit bv HPLC.
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in fruit flesh was confirmed by limited recovery tests conducted alongside experiments on 
simulated post-harvest treatment of apples, clementines and bananas (section 3 .7 .5), and the 
analysis of grapes treated with ‘‘^ C-radiolabelled prochloraz (section 3.5); the resulting data 
are summarised in Table 28. In general terms, satisfactory performance was achieved for all 
analytes. Although the recovery efficiency for BTS 44595 was lower (mean 68.7%) than the 
other analytes, the precision was satisfactory (C.V. 14%).
Table 28: Summarv of recover/ data for prochloraz and metabolites in fruit flesh
Substrate Fortification
level(mgZkg)
Recovery efficiency (%)
Prochloraz BTS 44595 BTS 44596
0.02 114 81 141
Apple 0.10 76 58 76
Clementine 0.25 96 62 79
Banana 0.20 84 66 106
Grape 0.50 75, 85 80, 65 90, 95
Overall summarv
No. of tests: 6 6 6
Range: 75-114 58-81 76-141
Mean: 88.3 68.7 97.8
CV: 16.6 14.0 24.3
Due to the limited application of this method in the thesis, insufficient untreated control 
samples were analysed to be able to calculate a limit of determination on a statistical basis. 
Given that no detectable residues of any of the analytes were observed in the control samples 
which were analysed, however, a limit of determination may be estimated by the observation 
from injection of a calibration solution that measurable peaks would still have been obtained 
at a concentration of 0.5 /xg/ml for each analyte in the solution injected. This equates to a 
residue concentration of 0.02  mg/kg.
The variation of this method applied to the extraction of surface residues by immersion of
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fruit samples in ethyl acetate under ultrasonic agitation represented a very simple process of 
dissolving relatively high concentrations of analytes in an appropriate solvent. Consequently, 
no recovery efficiency tests were specifically conducted; the limit of determination, however, 
was estimated at approximately 0.1 mg/kg, assuming a whole fruit weight of 100 g with 10% 
of the extract concentrated for injection into the HPLC.
3.3 Impuritv anaivsis
Given the very low sensory detection thresholds associated with taints caused by chlorinated 
anisoles (Griffiths, 1974; Whitfield et al., 1987), and the implication of the corresponding 
chlorinated phenols as pre-cursors to microbial formation of the anisoles, it was important to 
determine the magnitude of any 2,4,6-TCP impurity levels which may have been present in 
the prochloraz analytical standard and formulated materials, in order to determine whether 
they are of significance in taint causation. The method developed for this purpose, 
comprising analysis by partition, back-partition, acétylation and determination by GC/MSD, 
was validated by recovery testing with 2,4,6-TCP alongside each set of analyses (Table 29). 
Impurity levels determined are shown in Table 30. A comparison of chromatograms is 
shown in Figure 41.
Table 29: Recoverv efficiencv of 2.4.6-TCP during impuritv analysis
Fortification
level(jug)
Recovery efficiency (%)
Individual results Mean Std.dev
1.0 94, 87, 115, 88 , 
101
97.9 11.5
Expressing concentration as a percentage on a weight/weight basis, the 2,4,6-TCP impurity 
level in the analytical standard grade prochloraz had a mean value of only 0.049% compared 
to 0.90% of the prochloraz content in the 40 %EC formulated material. By contrast, the 
impurity level in the prochloraz manganese chloride complex, formulated as a 50% WP, was 
only 0.043%, expressed on the same basis. As a follow-up to early taint investigations
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Table 30: Chlorophenol impuritv levels
Substrate Analyte Impurity level (%w/w)*
Individual
results
Mean
Prochloraz 
analytical standard
0.046, 0.053 
0.047, 0.051
0.049
Prochloraz 40%EC 
formulation 2,4,6-TCP
0.87, 0.92 0,90
Prochloraz 50WP 
(manganese chloride complex)
0.049, 0.036 0.043
FBC 35807 
technical grade
2,4-DCP 0.053 -
Expressed as weight % of phenol per unit weight of active ingredient 
(prochloraz or FBC 35807) in substrate.
involving chemical analogues of prochoraz, described in section 1.5.1, a sample of the 
technical grade FBC 35807, which had been formulated as a 50 %EC for use in those early 
field trials, was analysed for 2,4-DCP and found to contain an impurity level of 0.053%. 
This presumably arose via chemical synthesis of the material, as the compound itself contains 
only a dichlorophenyl moiety, not a dichlorophenoxy one.
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Figure 41: Determination of chlorophenol impurities in test snintinns
A )  P r o c h lo r a z  a n a K lic a l  s ta n d a rd : 0 .0 5 %  2 ,4 ,6 - T C P .
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GC/MSD conditions
Column: PTE-5, 30m x 0.25mm i.d., 0.25 i^m df. Helium at 0.75m!/min.
Injection: 2|il splitless; 180°C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 162, 164 (2,4-DCP A); 196, 198 (2,4,6-TCPA); 246,248 (2,3,4,6-TEC A)
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3.4 Photodegradation and hvdrolvsis studies
Photodegradation and hydrolysis play an important part in the environmental degradation of a 
pesticide and may be significant in post-harvest storage and processing conditions which 
precede consumption of the harvested crop. Furthermore, the study of these mechanisms may 
facilitate better understanding of the biochemical transformations of a pesticide which occur 
during plant metabolism.
Previous studies of the effect of simulated sunlight on aqueous solutions of prochloraz 
(Haran, 1980(a)) and its hydrolysis in aqueous solution under acid, neutral and basic 
conditions (Haran, 1980(b); Kelly, 1982(b)) showed that BTS 44596 was the major 
photoproduct, together with smaller amounts of BTS 44595, and that BTS 40348 was the 
major hydrolysis product, formed more readily under alkaline conditions. Although the 
presence of minor products was acknowledged in these studies, none were identified, 
including 2,4,6-TCP.
3.4.1 Photodegradation
Whilst the earlier study by Haran (1980(a)) concentrated on the effects of artificial 
sunlight, the current study was intended to encourage degradation under exaggerated 
conditions using more intense U.V. range of 254 to 366 nm in order to maximise the 
formation of minor products. In doing so, however, it was recognised that irradiation at 
U.V. wavelengths below 280 nm could possibly produce degradation products not formed 
under normal sunlight (Matsumara, 1982).
The photodegradation reactions of prochloraz, BTS 44595 and BTS 44596 were studied 
independently. Under the conditions of the experiment, prochloraz readily formed BTS 
44596 by oxidative cleavage of the imidazole ring, together with a small amount of BTS 
44595, observed at the longer sampling times; this was consistent with the earlier study. 
The degradation of prochloraz was found to follow first-order reaction kinetics (Glasstone 
and Lewis, 1978), using linear regression analysis to plot the data in accordance with an 
equation of the form:
-119-
logC,=logCo- ^2.303
where = c o n c e n t r a t i o n  o f
prochloraz at time t
C o=  c o n c e n t r a t i o n  o f
prochloraz at time 0
k =  first order rate constant
The results of linear regression analysis, shown in Figure 42, gave a calculated 
prochloraz half-life of 884 hours (36.8 days) at 20°C, compared to the value of 19.3 days 
at 32°C reported previously (Haran, 1980(a)).
After the reaction was allowed to proceed for 648 hours, small peaks became apparent in 
the prochloraz degradation chromatogram which were indicative of trace amounts of BTS 
40348 and 2,4,6-TCP. It was conceivable that after such a long interval, these were the 
possible products of partial hydrolysis (see section 3.4.2). Chromatograms representing
prochloraz photodegradation after 111 and 648 hours are shown in Figure 43. The
identification of BTS 44596 as the major photoproduct, apart from coincident retention 
with the appropriate calibration standard, was confirmed by comparison of normalised 
U.V. spectra obtained from the diode array detector (Figure 44).
Both BTS 44595 and BTS 44596 appeared to be stable to photodegradation under the 
tested conditions, although there was a small amount of BTS 44595 apparent as a product 
from BTS 44596 at termination of the experiment after 193 hours. As BTS 44595 was 
not identified as a significant hydrolysis product of BTS 44596 (section 3.4.2), it was 
concluded that the probable route of its formation as an apparent minor photoproduct 
from prochloraz was via photodegradation of BTS 44596.
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Figure 42: Linear regression anaivsis of prochloraz photodegradation.
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Figure 43: HPLC of prochloraz photodegradation products. I l l  and 648 hours
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Figure 44: Confirmation of BTS 44596 bv UV spectral matching.
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3.4.2 Hydrolysis
The hydrolyses of prochloraz, BTS 44595 and BTS 44596 were also studied 
independently. At pH 7 and 100°C, prochloraz hydrolysed rapidly, with the main initial 
product, BTS 40348, being readily visible at the first sampling interval of 14 hours 
(Figure 45), together with two early eluting peaks at retention times of 2.0 and 2.9 
minutes. As the experiment progressed, these two peaks increased in size, and at 
termination after 70 hours, represented the only significant products of the reaction 
(Figure 45), both prochloraz and BTS 40348 having completely degraded. By re­
chromatographing the extract under less polar conditions (50% acetonitrile in water), and 
comparing U.V. spectra with known standards, the peaks were identified as imidazole and
2.4.6-TCP, respectively (Figure 46). Neither of these had been reported from previous 
qualitative studies (Haran, 1980(b)), although imidazole had been speculated as a co­
product of BTS 40348 formation, which would be expected in accordance with the 
hydrolysis pattern of substituted-urea moieties (Finar, 1973), simultaneously releasing 
carbon dioxide. Most significant was the further hydrolysis of BTS 40348 through to
2.4.6-TCP, for which no further intermediate products were observed. At pH 4 and 
100®C, the hydrolysis of prochloraz proceeded much more slowly, with the parent 
compound itself remaining as the most significant component after 70 hours, together 
with BTS 40348. A small amount of 2,4,6-TCP was also detectable.
The hydrolysis patterns of BTS 44595 and BTS 44596 were very similar to that of 
prochloraz, with rapid breakdown to BTS 40348 and ultimately to 2,4,6-TCP occurring at 
pH 7 and 100°C. Additionally, however, BTS 44596 produced small amounts of BTS 
44595 which increased during the first 12 hours but degraded thereafter by the primary 
route. Chromatograms from the hydrolysis of BTS 44596 also showed a significant sharp 
peak eluting very close to the solvent front (Figure 47). This was not observed with BTS 
44595 hydrolysis, and the assumption was made that it could have been due to formamide 
co-produced with the formation of BTS 40348, confirming that BTS 44595 is not 
produced as an intermediate in the pathway from BTS 44596 to BTS 40348, but instead 
represents an alternative minor mechanism, possibly photodegradation.
In terms of reaction kinetics, the hydrolyses followed a first order mechanism, as
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Figure 45: HPLC (220nm) of prochloraz hvdrolvsis at dH7. 100°C.
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Figure 46: Confirmation o f 2.4.6-TCP and imidazole under less polar HPLC conditions.
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Figure 47: HPLC of BTS 44596 hvdrolvsis at dH7.10Q°C after 37 hours.
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previously reported (Kelly, 1982(b)), and linear regression analysis was used to calculate 
the hydrolysis half-lives listed in Table 31. Graphical representations are shown in 
Figure 48. Similar short half-lives of 6.6 and 5.5 hours were obtained for prochloraz and 
BTS 44595, respectively, at pH 7 and 100°C, with a slightly higher value of 9.4 hours 
for BTS 44596. At pH 4, the half-life of prochloraz was not specifically determined, but 
would be expected to be significantly longer on the basis of the earlier study (Haran, 
1980(b)) which reported 45.7 hours at pH 6 , 92°C. The calculated half-lives for BTS 
44596 and BTS 44595 at pH 4 and 100°C remained short, however, with values of 8.3 
and 6.7 hours, respectively.
Table 31: Comparative hvdrolvsis rates. 1Q0°C.
Compound pH 4 pH 7
Regn. coeff Half-life
(hours)
Regn. coeff. Half-life
(hours)
Prochloraz * • -0.999 6.6
BTS 44596 -0.994 8.3 -0.998 9.4
BTS 44595 -0.991 6.7 -1.000 5.5
* Not determined
With the finding that 2,4,6-TCP is ultimately produced by hydrolysis of prochloraz, it 
was important to determine the significance of any trace levels of 2,4,6-TCP which may 
have been produced if prochloraz residues were present during the 8-hour steam 
distillation phase of the analytical method developed for the determination of 2,4,6-TCA 
and 2,4,6-TCP in fruit samples (section 3.1). The experiment subsequently conducted, 
described in section 2.5.2., therefore involved refluxing 1.0 mg of purified prochloraz in 
pH 4 buffer, to represent the pH range characteristic of typical fruit extracts.
Under these conditions, prochloraz proved to be very stable towards hydrolysis to 2,4,6- 
TCP, with only 2.2 fig of the latter produced after 8 hours’ hydrolysis, representing a 
conversion of 0.22%. Given the first order kinetics for prochloraz hydrolysis, linear 
regression analysis (Figure 49) was used to calculate a prochloraz half-life specifically in
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Figure 48: Linear regression anaivsis of hvdrolvsis at pH7 and dH4. 1QQ°C
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Figure 49: Linear regression anaivsis of prochloraz hvdrolvsis to 2.4.6-TCP at pH4.
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terms of 2,4,6-TCP production, as the amount of prochloraz remaining during the course 
of the reaction was not monitored. The resulting high value of 1330 days, whilst directly 
representing the rate of formation of 2,4,6-TCP, probably indicates that the further 
hydrolysis of BTS 40348 through to 2,4,6-TCP is the slower phase of the overall 
hydrolysis.
3.5 Biodégradation of ^"*C-radiolabelled prochloraz in grapes
The primary aim of this experiment was to determine whether trace residues of 2,4,6-TCA 
could be identified in grapes treated under realistic field conditions, thereby proving the 
source of origin as prochloraz itself and postulating the likely implication of 2,4,6-TCA in 
taints associated with the application of prochloraz.
Following five applications of *‘^ C-prochloraz as described in section 2.5.3.2, the grapes were 
harvested 30 days after the final treatment, homogenised and analysed for residues of 
prochloraz, BTS 44595 and BTS 44596 by HPLC (section 2.3.2) and 2,4,6-TCA and 2,4,6- 
TCP by GC/MSD (section 2.3.1), the results of which are given in Table 32, corrected for 
recovery efficiency. The residue level of 2,4,6-TCA, although it represented in the region of 
only 0.002% of the total residue recovered, was readily detected by the established GC/MSD 
method, as shown by the chromatogram in Figure 50, and equated to a radioactive residue of 
52.6 DPM/g of grapes, offering scope for confirmation by GC/ITD with radiodetection, 
providing that a sufficient concentration factor could be obtained.
After extraction of a fresh aliquot (100 g) of homogenised grapes and removal of 2,4,6-TCP 
by partition with 0.05 M potassium hydroxide solution, the final extract, carefully 
concentrated in an autoinjector vial to a volume of approximately 50 jttl, was sealed with a 
septum cap and retained in deep freeze to avoid loss by evaporation. Successive injections of 
increasing volume were then made into the GC/ITD operating in full-scan mode until a 
satisfactory peak was obtained close to the expected retention time for 2,4,6-TCA. This was 
eventually achieved by loading lOjul of the extract onto the column under a slower 
temperature programme to improve the resolution in the presence of a concentrated 
coextractive background. A clear radiolabelled peak eluted after 8.9 minutes and the mass 
spectrum recorded from the corresponding ITD peak showed good agreement with the El
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Table 32: Residues in grapes treated with ^'*C-radîolabelled prochloraz
Component Residue level (mg/kg)^*^
Control i^C-treated
Prochloraz N.D.* 114, 120
BTS 44596 N.D. 88 , 94
BTS 44595 N.D. 26, 29
2,4,6-TCP 0.00026 6.5
2,4,6-TCA N.D. 0.0055
N,D. denotes a non-detectable residue 
Duplicate sample analyses are separated by commas.
mass spectrum of 2,4,6-TCA; indeed, an on-line search of the NIST/EPA spectral library 
(U.S. Dept, of Commerce, 1988), residing in the database of the ITD’s computer work 
station, found a match with the reference spectrum of 2,4,6-TCA. This confirmed the 
formation of 2,4,6-TCA from prochloraz by virtue of the retained radio label. The
radiochromatogram and associated spectral match are shown in Figure 51.
To allow for complete elution of the large volume (10 jttl) extract from the GC column, the 
temperature programme was continued. Somewhat surprisingly, three further peaks were 
observed in the radiochromatogram, indicating the presence of steam volatile derivatives of 
prochloraz formed either by metabolism or as artefacts of the analytical method, assuming 
that no radioactive contamination of the extract had occurred. Further investigation was 
desirable, and a second 10 fi\ aliquot from the extract was injected under a slower 
temperature programme in which 2,4,6-TCA eluted after 11.1 minutes. The unknown peaks, 
labelled A, B and C in Figure 51, eluted after 26.2, 39.8 and 45.6 minutes, respectively, 
under the revised conditions. Due to the coextractive background in the extract, it was 
difficult to establish clear mass spectra for these compounds from the corresponding ITD 
peaks, but some observations were possible.
The most significant radio-peak. A, had a corresponding mass spectrum in which the ions 
m/z 196, 198 and 200 were readily apparent (Figure 52) and fairly characteristic of the 
chlorine isotope pattern of 2,4,6-TCP; the retention time was too long, however, and other
-132-
Figure 50: GC/MSD analysis of grapes treated with ^"^C-prochlnraz.
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Figure 51: GC/ITD confirmation of ‘^*C-2.4.6-TCA formation from prochloraz.
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steam volatile derivatives of prochloraz retaining the 2,4,6-trichlorophenoxy moiety were 
considered. One such compound was 2-(2-chlorophenoxy)ethanol (BTS 3037), previously 
reported as a by-product of prochloraz manufacture monitored in production effluent 
(Somerville et al,, 1988). Injection from a standard solution of this compound gave a peak 
very close to the required retention time, with good agreement between the mass spectra, the 
standard showing the characteristic chlorine isotope pattern for the base peak of m/z 196 
(Figure 52). Peak A was therefore tentatively assigned as BTS 3037.
Peak C was similar in magnitude to the 2,4,6-TCA peak, but unfortunately gave a very weak 
mass spectrum with a base peak at m/z 114 (Figure 53) and little else. Close inspection of 
the spectrum, however, showed two small peaks at m/z 309 and 311, possibly characteristic 
of a chlorine isotope pattern given the separation of two mass units (Karasek and Clement, 
1988). Working on the assumption that m/z 309 could have been a molecular ion, various 
fragment structures of prochloraz were examined in an attempt to find a fit. The mass was 
found to be consistent with the molecular weight of the structure for N-propyl-N-2-(2,4,6- 
trichlorophenoxy)ethylformamide, which, upon further investigation, was obtainable as an 
early research compound from Schering Agrochemicals, having a reference number of BTS 
48156. Injection from a standard solution of this compound gave a peak which ran very 
close to the retention time for peak C, allowing for matrix effects in the grape extract. 
Furthermore, the corresponding mass spectrum showed a base peak at m/z 114 and a 
molecular ion at m/z 309 (Figure 53), and peak C was tentatively assigned as BTS 48156.
Unfortunately, peak B was very small and broad, with no indication of definite ions in any of 
the mass spectra recorded close to its retention time, making tentative identification 
impossible via this means. The primary hydrolysis product of prochloraz, BTS 40348, was, 
however, found to elute at a retention time close to that of the unknown peak. Given the 
basic nature of BTS 40348, a secondary amine, it seemed unlikely that it would readily have 
undergone steam distillation at the natural pH (4-5) of the grape extract, although with a 
significant amount of this compound likely to have formed by hydrolysis of the large residues 
of prochloraz, BTS 44595 and BTS 44596 previously determined (Table 32), it is probable 
that a measurable quantity of BTS 40348 may have been extracted in this way.
To confirm the identities of peaks A and C, the remainder of the grape extract was
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Figure 52: Identification of unknown radiopeak A as BTS 3037.
A) Mass spectrum recorded for unknown radiopeak A.
Background SuBtract Filenawol 75BBCSJ Acquired! Feb-95-1990 l?:06l26CoBHent; 10, MML 50-150 020/MIN HOLD 15IHFN 5 /MIN 10 225Average of! 1560 to 1580 Minus! 1594 to 1596 100% : 7,585
202%
SMP
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B) Mass spectrum for BTS 3037
A bundance
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Figure 53: Identification of unknown radiopeak C as BTS 48156.
A) Mass spectrum recorded for unknown radiopeak C.
Spec trim # 2732 Filename: 75BBCSJ Acquired: Feh-05-1990 17:06:26 + 45:33Comment I 10, MML 50-150 020/MIN HOED 15IHEN 5 /MIN 10 225Base Fk: 114 Inti 42,251 Eangel 100-312 RICl 264,422 100,00% : 42,251ACC time; 73
SPEC)
B) Mass spectrum for BTS 48156
Spectrum # 2681 Filename! FBC38795 Acquired: Feb-08-1990 16:14:24,+ 44:42 Comment: 5,MML 50-150 020/MIN HOLD 15IHEN 5 /MIN TO 225 (2000 PPM IN TOLUEN)Base Pk: 114 Int: 58,387 Range: 95-313 RIC: 105,479 100,00% : 58,387ACC time: 173
100%
SPEC)
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overspiked with BTS 3037 and BTS 48156 (2 fig of each) and re-injected. Mass spectra 
coinciding with elution of the radio labelled peaks verified that the assignments were correct. 
To strengthen the plausibility that peak B may have been due to BTS 40348, a further 25g of 
homogenised grapes were steam distilled under slightly alkaline conditions and found to 
produce a significant amount of BTS 40348 in the final extract, determined by GC/MSD in 
TIC mode against a standard solution under the temperature programme conditions developed 
for 2,4,6-TCA and 2,4,6-TCP.
Analytical standards of BTS 3037 and BTS 48156 injected under the HPLC/DAD conditions 
developed for the studies described in section 3.4, both gave measurable peaks and confirmed 
that neither had been formed as products of photodegradation or hydrolysis. Additionally, 
GC/MSD in TIC mode was used to confirm that neither compound was formed during the 
steam distillation extraction procedure when control grapes were fortified prior to analysis 
with 2 mg of either prochloraz, BTS 44595 or BTS 44596, or with 0.4 mg of ‘“^ C-prochloraz. 
Both compounds therefore appeared to be minor products of metabolism in grapes, possibly 
as intermediates in the formation of 2,4,6-TCP, although their relative concentrations were 
very low, estimated to be in the region of 10 fig/kg by comparison with the radio label led 
peak from 2,4,6-TCA, assuming a similar efficiency of extraction.
3.6 Anaivsis of field-treated samples
The samples analysed were frozen duplicates of those which had previously been assessed by 
taint testing at the CFDRA. In most cases, analyses for residues of 2,4,6-TCA and 2,4,6- 
TCP were conducted within 4-6 weeks of the corresponding taint tests. Some samples of 
tropical fruit had been stored in deep freeze for much longer periods, but were selected for 
analysis to give a wider representation of crop types, as most of the active taint testing 
conducted during the course of the thesis involved citrus fruit and tomatoes.
In general terms, the analysis of field-treated samples by the established method proved to be 
successful and reliable in identifying and measuring trace residues of 2,4,6-TCA in samples 
containing apparent musty taints, and showed good agreement between duplicate analyses 
where applicable. Most importantly, the analyses consistently demonstrated a clear difference 
between prochloraz-treated samples and corresponding untreated controls, enabling positive
138-
interpretations of the data to be made with confidence.
3.6.1 Foliar application
Samples analysed included citrus fruit (minneola oranges) taint tested as both fresh and 
canned forms, and a sample of canned gooseberries, all of which had been treated by 
foliar spraying with the 50WP formulation of the prochloraz manganese chloride 
complex. The gooseberries had been retained from early trials which had produced 
particularly significant taints. Results of all associated analyses are presented alongside 
the corresponding taint test results in Table 33.
The gooseberries, which had been kept under refrigeration since being canned in 1985, 
were found to contain a very high 2,4,6-TCA residue of 7.6 ^g/kg, shown very clearly 
by the associated chromatogram (Figure 54). Given that 2,4,6-TCA has been reported as 
having a flavour threshold as low as 0.12 ftg/kg in dried fruit (Whitfield et al., 1987), it 
is highly likely that 2,4,6-TCA was the direct cause of the statistically significant musty 
taint identified in the fruit by taint testing. The corresponding residue of 2,4,6-TCP was 
130 /Ag/kg, approximately 17 times greater than the 2,4,6-TCA residue.
The picture with foliar-treated minneola oranges was not so clear. Residues of 2,4,6-
TCA found in the flesh, which was obviously the part of the fruit tasted during taint
testing, were very low, in the region of 0.05 ptg/kg, the validated limit of determination
for the analytical method. There were, however, clear differences from the\corresponding control samples in which no detectable residues were observed; the 
comparison is illustrated in Figure 55. There were also clear differences in terms of 
residues of 2,4,6-TCP, although small apparent residues were detectable in the controls. 
With fruit of this type, having very high water and negligible lipid content, it is 
conceivable that the flavour threshold could be as low as 0.04 /xg/kg, judging by the taint 
results from the 1991 sample. On this basis, the data show that significant taints may 
occur even 6 months after the last foliar application of prochloraz to the growing green 
fruit.
Analysis of duplicate samples in canned form, for which an ’ND(T)’ taint test result was
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Table 33: Residues of 2.4.6-TCA and 2.4.6-TCP in pre-harvest treated fruit.
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Figure 54: GC/MSD of gooseberries containing 7.6^g/kg 2.4.6-TCA.
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Figure 55: GC/MSD of foliar-treated minneola oranges.
A) Minneola flesh control
A bundance
4800-
2,3,4.6-TECA
3600-
2,4.6-TCA retention2400-
2.4.6-TCP
1200 -
13.5012.50 13.0011.50 12.0011.0010.50
Time (min.)
B) Foliar treated minneola flesh containing 0.06 ng/kg 2,4,6-TCA
A bundance 2.4.6-TCP
3600
2,3,4.6-TECA3000 2.4.6-TCA
2400
1800
1200
600
13.5012.50 13.0012.0011.5010.00 11.0010.50
Time (min.)
GC/MSD conditions
Column: PTE-5,30m x 0.25mm i.d., 0.25pm df. Helium at 0.75ml/min.
Injection: 2pl splitless; 180°C; purge after Imin.
Pro^amme: 30°C for 2 min.; 15°C/min. to 210°C for 5 min.
Detection: 280°C; Ion groups m/z 195, 210 (2,4,6-TCA); 196,198 (2,4,6-TCPA); 246,248 (2,3,4,6-TECA)
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also obtained, showed little or no difference from the residues in the fresh samples. To 
enable the comparison to be made, residues in the canned samples were expressed on the 
weight of fruit segments contained in the can, although the entire samples, including 
added syrup and water, were extracted. These results suggest that the canning process 
itself had little effect on the nature of the residues.
The analysis of peel from the minneolas proved to be a problem in terms of relatively 
high coextractive background levels in the GC/MSD chromatograms; peaks apparently 
due to 2,4,6-TCA did not elute at quite the expected retention time and were difficult to 
measure, although SIM ion ratios were correct. For confirmation, extracts from control 
and treated samples were overspiked with 2,4,6-TCA from a standard solution then re­
injected into the GC, showing that the correct peaks had been measured. Despite this 
analytical problem, there was generally good agreement between duplicate peel analyses, 
but with a little more variability for 2,4,6-TCP, for which peak measurement was more 
difficult, particularly at levels below 5 /ig/kg. In practice, this restriction did not cause 
any severe difficulties, as residues in the treated samples exceeded this value by a long 
way and differed significantly from those in controls, even though the latter were 
somewhat higher than might have been expected.
Residues of 2,4,6-TCA in peel ranged from 6.7 to 27 jLig/kg, and were approximately two 
orders of magnitude greater than in the corresponding flesh. All values showed a good 
correlation to corresponding residues of 2,4,6-TCP which ranged from 40 to 290 /xg/kg, 
the higher values coinciding with the shorter pre-harvest interval. Such significant 
residues in peel could indicate that anisole formation occurred primarily on or in the peel, 
with subsequent migration of residues into the flesh.
3.6.2 Post-harvest application
The results obtained from analysis of samples of tropical and citrus fruit treated with 
prochloraz by post-harvest dipping in solutions prepared from the 40EC formulation, are 
summarised in Table 34 and Table 35.
Of the tropical fruit samples, no 2,4,6-TCA was detected in the flesh of any of the
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Table 34: Residues of 2.4.6-TCA and 2.4.6-TCP in post-harvest treated tropical fruit
Sample
type
Origin Appn.
rate'^’
(gai/hl)
Residue level(/ig/kg)‘” Taint test result
Substrate 2,4,6-TCA 2,4,6-
TCP
Classn.**’ Comments
Pineapple S. Africa, Control Flesh N.D.* 0.21
1987 Peel N.D. 0.46
15(a) Flesh N.D. 0.90 ND
Peel N.D. 15
15(b) Flesh N.D. N.D. ND 1-musty; 1-earthy.
Peel < 0 .2 17
20(a) Flesh N.D. 0.90 ND Treated sample sweeter.
Peel < 0 .2 17
20(b) Flesh ND
Peel N.D. 16
Control Peel N.D. 4.8
25 Flesh < 0 .2 13 ND(T) 1-earthy; 2-mouldy.
Papaya Australia, Peel 0.53 200
1987
50 Flesh 0.46 47 ND(%) 1-musty.
Peel 2.2 280
Con.(a) N.D. 0.28
Con.(b) N.D. N.D.
25(a) 0.33, 0.36 1.1 ND Some mustiness in C & T.
25(b) 0.64 1.3 ND "
25(c) 0.47 1.2 ND "
25(d) 0.50 2.0 ND
Lychee Australia, Con. (a) Flesh N.D. 0.07
1990 Con.(b) N.D. 0.34
50(a) 1.1,0.88 1.5, 1.3 ND Some mustiness in C & T.
50(b) 0.98, 0.98 2.6 NT "
50(c) 0.73, 0.92 0.63 ND "
50(d) 1.3, 1.3 1.4, 1.3 ND "
0.96, 1.0 2.2, 1.4 ND
No detectable residue
Duplicate sample analyses are separated by commas
ND =  no statistically significant difference between treated and control samples and no i d. of taint 
NT = a statistically significant difference, but no taint.
ND(T) =  no significant difference, but an association of taint with the treated sample.
T =  a statistically significant difference and a taint associated with the treated sample.
Letters in brackets are used to distinguish between different samples.
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Table 35: Residues of 2.4.6-TCA and 2.4.6-TCP in post-harvest treated citrus fruit
Sample type Origin Appln.
rate*^ ’
(gai/hl)
Residue level ()ig/kg)‘” Taint test result
Subst. 2,4,6-TCA 2,4,6-TCP Classn.^ ’^ Comments
Control N.D.*, N .D . 1.3, 0.6
Mandarin, 40 N .D . 1.1 NT Control less sweet
c.v. Spain, 80 N .D . 2.4 ND
Clementine 1990 Flesh
40 0.06, N .D .,N .D 1.5, 1.5, 2.7 ND(T) 3-musty; 2-mouldy.
Mandarin, 80 N .D ., N .D . 3.4, 3.1 ND(T) 1-musty
c.v .
Hemandina
Control N .D . 0.22
Mandarin, 40(a) N .D . 0.58 ND
c.v . Ovoval 40(b) N .D . 0.54 ND
80(a) N .D . 0.67 ND
Mandarin, 40 <0.01 2.0 ND
c.v . Satsuma 80 N.D. 2.6 ND
Flesh
Spain, Control N .D . 0.17
Mandarin, 1991
c.v . 40 <0.01 0.90 ND
Hemandina 80 N .D . 0.84 ND
Mandarin, 40(a) <0.01 0.86 ND
c.v. 40(b) <0.01 1.1 ND
Clementine 80(a) <0.01 1.1 ND
Cont.(a) N .D . 0.23
Cont.(b) N.D. 0.54
40(a) N .D . 0.36 ND
Orange, Spain, 40(b) <0.01 0.66 ND
c.v . Navel 1991 40(c) <0.01 0.69 ND
Flesh
80(a) N.D . 0.85 ND
80(b) <0.01 0.24 ND
80(c) <0.01 0.82 ND
80(d) <0.01 0.56 ND
No detectable residue
Replicate sample analyses are separated by commas.
ND =  no statistically signiGcant difference between treated and control samples and no identification of a 
taint,
NT =  a statistically significant difference, but no taint.
N D (T)= no significant difference, but an association o f  taint with the treated sample.
T =  a statistically significant difference and a taint associated with the treated sample.
Letters in brackets are used to distinguish between different samples.
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pineapples, which were also free of taint-related comments. Only very small 
concentrations, < 0 .2  /xg/kg, were found in the corresponding peel, the coextractive 
background in this matrix again making more accurate quantitation difficult. Residues of
2,4,6-TCP were more significant, approaching 20 /xg/kg in peel and 1 /xg/kg in flesh, 
showing good agreement between similarly-treated samples. As with the foliar citrus 
samples previously discussed, there were measurable background residues of 2,4,6-TCP 
in control samples between 0.2 and 0.5 /xg/kg.
The papaya samples analysed were found to contain slight musty taints, although these 
were not statistically significant. In terms of equating the taints with 2,4,6-TCA, there 
was a clear difference between control and treated samples (Figure 56), with residues of 
up to 0.46 /xg/kg in the edible flesh of tainted samples, and up to 2.2 /xg/kg in the 
associated peel, depending upon application rate. Corresponding residues of 2,4,6-TCP 
were much higher, reaching 47 /xg/kg in the flesh and 280 /xg/kg in peel at the higher 
application rate of 50 g ai/hl.
Lychees were tasted fresh after separation and disposal of the thin inedible skins. None 
of the samples tested were found to be tainted, although some of the tasters at CFDRA 
reported a slight mustiness- with both the treated and control samples. When duplicate 
samples were analysed, however, there was a distinct difference between the treated 
samples and the controls. Whilst no 2,4,6-TCA was detectable in the latter, mean 
residues of 0,49 and 1.0 /xg/kg were found following application at 25 and 50 g ai/hl, 
respectively, demonstrating an excellent correlation to treatment rate, and very good 
agreement between replicate analyses. Representative chromatograms are shown in 
Figure 57. As no taints were clearly associated with the treated samples, the analyses 
suggest that the flavour threshold for 2,4,6-TCA could exceed 1 /xg/kg in the lychee 
matrix. The general comments from the CFDRA taint panel may have reflected a lack of 
familiarity with the flavour characteristics of exotic fruits of this type. Unlike pineapples 
and papayas, the corresponding 2,4,6-TCP residues in lychees were similar in magnitude 
to the values for 2,4,6-TCA, ranging between 0.63 and 2.6 /xg/kg. Background levels in 
the controls reached 0.34 /xg/kg.
Analysis of both mandarins and oranges following post-harvest application showed that
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Figure 56: GC/MSD of post-harvest treated oapavas.
A) Control papaya extract
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Injection: 2fû splitless; 180°C; purge after 1 min.
Programme: 30°C  for 2 min; 15°C/m in. to 210®C for 5 min.
Detection: 280°C ; Ion groups m /z 195, 210 (2,4,6-TCA); 196, 198 (2,4,6-TCP); 246 , 248 (2 ,3 ,4 ,6 -
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Figure 57: GC/MSD of post-harvest treated Ivchees.
A) 2,4,6-TCA residue 0.36jug/kg, application at 25gai/hl
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TECA). - 148-
any residues of 2,4,6-TCA which were present in the edible flesh were estimated to be 
below 0.01 /xg/kg, significantly below the validated determination limit of 0.05 /xg/kg, 
with negligible difference between the treated and control samples (Figure 58). Although 
a residue of 0.06 /xg/kg was measured in one sample of mandarins, two repeat analyses 
failed to reproduce this. In general terms, these findings were consistent with the results 
of taint testing which showed almost conclusively that no taints were detectable. The 
exception to this was a variety of mandarin or anges, c.v. Hemandina, which was found to 
contain a non-significant taint when treated at either 40 or 80 g ai/hl in trials during 1990. 
If the taint was due to 2,4,6-TCA, the suggestion would be that the flavour threshold in 
these fruit is very low, which would be consistent with the findings from the foliar-treated 
minneola oranges that a flavour threshold may be in the region of 0.04 /xg/kg. Repeat 
post-harvest trials with Hemandina mandarins in 1991 failed to reproduce the taint, 
however.
Residues of 2,4,6-TCP in post-harvest treated citms samples were measurable and ranged 
between 0.24 and 3.4 /xg/kg in the treated samples. Background levels in controls were 
of a similar order of magnitude, ranging from 0.17 to 1.3 /xg/kg.
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Figure 58: GC/MSD of post-harvest treated mandarin oranges.
A) Control mandarin flesh
A bundance |
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B) Post -harvest treated mandarin flesh: no detectable 2,4,6-TCA residue
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GC/MSD conditions
Column: PTE-5,30ni x 0.25mm i.d., 0.25|,mi df. Helium at 0.75ml/min;
Injection; 2^1 splitless; 180°C; purge after Imin.
Programme; 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195,210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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3.6.3 Soil-drench application
This type of application relates only to tomatoes, and is of interest because the plants and 
fruit themselves do not receive direct treatment with the chemical. The samples analysed 
were taken from trials conducted in Spain when prochloraz, as the 40EC formulation, was 
applied to a layered bed of soil, organic matter and sand in which the tomato plants were 
growing. Treatment details and subsequent results are summarised in Table 36.
Residue analysis showed similar, very low residues of 2,4,6-TCA in both treated and 
control samples, estimated at between <0.01 and 0.02 ^g/kg, as illustrated by the 
chromatograms in Figure 59. The corresponding 2,4,6-TCP residues were also similar in 
both, but did show a slight increase in the treated samples, with levels ranging between 
0.13 and 0.34 /ig/kg compared to a range of 0.09 to 0.11 jug/kg in the controls. As with 
the citrus fruit, it would appear that the flavour threshold for 2,4,6-TCA in tomatoes is 
also very low, possibly in the region of 0.02 to 0.04 ;^g/kg, given that values up to 0.02 
/ig/kg occurred in controls without any associated comments of mustiness. As prochloraz 
was applied to the soil and not the plants, it is conceivable that trace residues of 2,4,6- 
TCP produced by soil metabolism (Bruehl, 1989) could have been taken up by the plants 
(M®Gibbon, 1982), as prochloraz itself does not readily translocate (Kelly, 1982(a)). This 
aspect has been addressed by Scheunert et al. (1989), whose work with soil-applied '^‘C-
2,4 ,6-TCP showed that, whilst most of the phenol became soil-bound or mineralised to 
^^COg, 1-2% of the residue was taken up by cress, carrot and barley plants grown in the 
treated medium. By analogy with pentachlorophenol, it is also conceivable that 2,4,6- 
TCA itself may have been available for uptake following formation by soil 
microorganisms (M*'Call et al., 1979; 1981).
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Table 36: Residues of 2.4.6-TCA and 2.4.6-TCP in soil-drench treated tomatoes
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Figure 59: GC/MSD of soil-drench treated tomatoes.
A) Control tomato: apparent 2,4,6-TCA residue 0.012 pg/kg.
A bundance
3000 2.4.6-TCPA
2400 2.4-DBA
1800 2,4,6-TCA
1200-
600
11.50 12.00 12.5010.50 11.00
Time (min.)
B) Soil drench treated tomato: apparent 2,4,6-TCA residue 0.018 pg/kg.
2,4.6-TCPAA bundance
3000
2,4-DBA2400
1800 2,4,6-TCA
1200
600
12.00 12.5011.5011.0010.50
Time (min.)
GC/MSD conditions
Column: PTE-5,30m x 0.25mm i.d, 0,25^undf. Helium at 0.75ml/niin.
Injection: 2jil splitless; ISO^C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195,210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266,268 (2,4-DBA)
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3.7 Fortification studies
The foregoing analyses of field-treated samples showed that, in many cases, trace residues 
of 2,4,6-TCA were found in tainted fruit which had been treated with prochloraz by foliar 
spraying during the growing season, or as a post-harvest dip to protect against storage 
diseases. In all of the samples, corresponding residues of 2,4,6-TCP were also present, 
usually at significantly higher concentrations than the anisole. Detailed investigations into 
the formation of 2,4,6-TCA residues, with particular emphasis upon the role of 2,4,6- 
TCP as the direct precursor, were conducted via in vivo fortifications of fruit samples in 
both pre- and post- harvest situations. Throughout these experiments, apples were chosen 
as the primary model due to their ready availability as good quality fresh fruit, and their 
unequivocal association with musty taints from both foliar and post-harvest treatments 
with prochloraz (Whiteoak, 1988).
3.7.1 Pre-harvest fortification with 2.4.6-TCP
Developing apples (c.v. Bolero) and oranges (c.v. citrus mitis) were fortified with 10 fig 
of 2,4,6-TCP from ethanolic solution either by dispensing onto the fruit surface or 
injecting approximately 1 cm into the flesh of the fruit. Duplicate samples of fortified 
fruits were removed from the plant for analysis after time intervals of 0 and 24 hours, 
and found to contain the residues presented in Table 37.
Due to the small size of each fruit (approx. 2-4 cm in diameter), it was not feasible to 
separate the samples into flesh and skin sub-parts for analysis, as this would probably 
have resulted in a significant loss of residue, and the results therefore represent the total 
amount of each component recovered from each whole sample. There were also 
difficulties encountered in obtaining accurate peak measurement in some of the citrus 
extracts, particularly from the ripe fruit, due to relatively high coextractive background 
levels, presumably from volatile constituents in the peel, as experienced during the 
previous analysis of field-treated citrus samples (section 3.6.1).
At time 0, the level of 2,4,6-TCP in each sample was not deliberately determined, on the 
assumption that the chemical had been accurately dispensed and should have still been
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Table 37: Residues of 2.4.6-TCA and 2.4.6-TCP in fruit fortified pre-harvest with 2.4.6-TCP.
Sample Fortn. Residue level (fig recovered)
type level Surface fortified Fortified by injection
Oh 24h Oh 24h
2,4,6-
TCA
2,4,6-
TCA
2,4,6-
TCP
2,4,6-
TCA
2,4,6-
TCA
2,4,6-
TCP
Apple Control N .D .' N.D. N.D. N.D. <0.005
10^g,Rep.l 0.20 1.8 0.01 0.49 6.7
10jug,Rep.2 0.21 2.2 0.04 0.54 5.6
Green Control N.D. N.D.
citrus 10/ig,Rep.l 0,04 0.11 0.75 0.03 0.03 5.6
10j[tg,Rep.2 0.04 0.13 1.3 0.05 0.02 2.0
Ripe Control N.D. N.D. <0.005 <0.005
citrus 10/xg,Rep.l 0.01 0.04 0.03 0.01
10/xg,Rep.2 0.02 0.03 0.02 <0.005
’ No detectable residue
present in the fruit at the time of extraction. After 24 hours, however, it became clear 
that in all of the samples much of the 2,4,6-TCP had been lost, especially from the 
surface-spiked fruit. These losses were presumed to be by volatilisation, given that the 
experiment had been conducted in open conditions with maximum daytime temperatures 
reaching 22°C outside (apples) and 32°C in the glasshouse (citrus). In apples, which 
showed better agreement between replicate samples, a mean loss of approximately 80% of 
the nominal residue was observed from the surface-spiked fruit after 24 hours, compared 
to 40% from the injected fruit.
Significant amounts of 2,4,6-TCA were formed in apples over the 24 hour period, with a 
mean of 0.21 fig from surface fortification and 0.52 fig from injection of the phenol into 
the fruit, clearly demonstrating the potential for O-methylation of 2,4,6-TCP under 
realistic field conditions. Interestingly, a small amount of 2,4,6-TCA was also found in 
the time 0 samples, which must have been formed in the short time delay (approximately 
1 hour) between removing the fruit from the tree and initiating the steam distillation
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extraction, possibly enhanced by increased contact of the phenol with the relevant O- 
methyltransferase system when the fruit were diced for extraction.
In citrus, the results were generally less conclusive. As with apples, similar small 
amounts of 2,4,6-TCA (0.01-0.05 fig) were found at time 0, but these had not increased 
after 24 hours in any of the ripe fruit or in green fruit which had been fortified by 
injection. In fact, a noticeable decrease was observed in injected ripe fruit which showed 
no distinction from the control sample after 24 hours. A possible explanation could be 
that O-methylation took place primarily in or on the peel which, in the case of the 
injected samples, would not have come into contact with 2,4,6-TCP to a significant 
degree until the fruit were prepared for extraction, by which time much of the phenol 
could have been lost by volatilisation. This in turn would tend to imply that O- 
methylation can occur quite rapidly. In green citrus, there appeared to be a greater 
capacity for formation of 2,4,6-TCA in surface-fortified fruit as compared to ripe citrus, 
although this may be misleading and partly attributable to the aforementioned coextractive 
problems which, in these particular extracts, resulted in a smaller chromatographic 
marker (2,4-DBA) peak than was normally observed with such samples.
Comparative levels of 2,4,6-TCA formation from this experiment are summarised in 
Figure 60.
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Figure 60: Comparative formation of 2.4.6-TCA in pre-harvest fortified fruit.
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3.7.2 Post-harvest fortification with 2.4.6-TCP
3.7.2.1 Surface application on apples
Individual apples (c.v.Worcester Pearmain) were fortified with 10 fig of 2,4,6-TCP 
applied to a controlled area of the fruit surface in order to enable careful sampling of 
separate skin and flesh fractions without disturbing any associated residues. This was 
achieved by using a No. 18 cork borer to mark a circle of approximately 2.5 cm in 
diameter and subsequently sample a core through the apple after incubation at room 
temperature. With the initial aim of monitoring the penetration of residues from the 
surface into the flesh, only fractions of the flesh itself were analysed at incubation 
times between 20 and 96 hours. However, as measurable levels of 2,4,6-TCA were 
found beyond the first centimetre of flesh at the first sampling interval, a second 
experiment was established to examine anisole formation and penetration at much 
shorter intervals, and included analysis of skin discs as well as the flesh cores. The 
results of both of these experiments have therefore been combined in Table 38, 
expressed in terms of absolute amount of residue (fig) recovered, in order to allow 
direct quantitative comparison between the various fractions and with the nominal 
amount of 2,4,6-TCP applied.
Given the fact that a separate fruit had to be used to generate each core taken at each 
interval, the agreement between duplicate samples was very good, particularly for 
residues of 2,4,6-TCA. The patterns of residue distribution which emerged with 
time, as represented in Figure 61 (a),showed quite clearly that 2,4,6-TCA was formed 
relatively quickly on or in the skin and had penetrated beyond 1 cm into the flesh of 
the apple within 20 hours of fortification. Throughout the duration of the 
experiments, flesh residues of 2,4,6-TCA were higher than the corresponding residues 
of 2,4,6-TCP, indicating that 2,4,6-TCA was distributed more readily than 2,4,6- 
TCP, depending upon the rate of O-methylation of the latter in the flesh itself. At 
termination, after 96.5 hours, negligible amounts of 2,4,6-TCP had penetrated beyond 
1cm into the flesh of the fruit.
Under the conditions tested, the formation of 2,4,6-TCA increased linearly with time
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Table 38: Residues of 2.4.6-TCA and 2.4.6-TCP in apples surface-spiked with 2.4.6-TCP
Incubation Residue level (total f ig  recovered)”’
time(h)
Skin disc 0-lcm  flesh 1cm to centre o f  fruit Total (mean)
2,4,6- 2,4,6- 2,4,6- 2 ,4,6- 2,4,6-TCA 2,4,6-TCP 2,4,6- 2,4,6-
TCA TCP TCA TCP TCA TCP
Control N .D .' N .D . N .D . N .D . N .D . N .D . N .D . N .D .
0 0.15, 11 N .D . N .D . N .D . N .D . 0.11 11
0.07
2 0.32, 10, 0.08, 0.04, N .D ., N .D ., 0.49 10
0.48 10 0.09 0.05 N .D . N .D .
4.25 0.57, 9.1, 0.21, 0.04, N .D ., N .D ., 0.78 9.2
0.66 9.3 0.10 0.03 N .D . N.D.
7.5 1.1, 8.5, 0.55 0.19 N .D . N.D. 1.4 8.6
0.54 8.2
20.3 0.36, 0.08, 0.03, N .D .,
0.36 0.03 0.02 N.D.
66 0.22, 0.14, 0.07, < 0 .005 ,
0.18 0.05 0.05 <0.005
96.5 0.09, N .D ., 0.04, < 0 .005 ,
0.09 0.06 0.05 N .D .
No detectable residue
Results o f duplicate samples are separated by commas.
at a rate of 0.17 ^g/h, calculated by linear regression analysis (Figure 61(b)). From 
20 hours onwards, total residues of 2,4,6-TCA in the flesh showed a decline, 
probably due to further dissipation beyond the dimensions of the sampled 
corej^though some loss by volatilisation would also be expected as the fruit were not 
confined during incubation.
Small residues (representing approximately 1% conversion of 2,4,6-TCP) found in the 
skin at time 0 were formed in the delay (approximately 30 minutes) between 
fortification and the start of the steam distilation extraction, as observed previously 
with the extraction of pre-harvest fortified fruit (section 3.7.1).
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Figure 61:Formation and distribution of residues in surface-fortified applas
A) Variation of 2,4,6-TCA and 2,4,6-TCP residues with time
2,4,6-TCA: Skin0.9
2,4,6-TCA : 0-lcm  
flesh0.8
0.7 2,4,6-TCP: 0-lcm  
fleshg  0.6
2,4.6-TCA: 1cm to 
centreI 0.5
2,4,6-TCP: 1cm to 
centre
0.2
10020 60 8040
Incubation time (hours)
B) Rate o f  formation o f 2,4,6-TCA
3
i? 0.8I
<3>% 0.6 
i . . .
Regression coeff., r = 0.998 
Gradient = 0.17 {ig/hour
0.2
7 81 4 52 60 3
Incubation time (hours) 
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3.7.2.2 Fortification bv injection
A virtual repetition of the preceding experiments was conducted in which the apples 
were fortified with 10 jjLg of 2,4,6-TCP by injection approximately I cm into the flesh 
of the fruit at the centre of the marked circles. The results obtained are summarised 
in Table 39.
Table 39: Residues of 2.4.6-TCA and 2.4.6-TCP in apples fortified bv injection with 
2.4.6-TCP
Incubation Residue level Q tg  recovered)'"
time (h)
Skin disc Flesh core Total (mean)
2,4,6-TCA 2,4,6-TCP 2,4,6-TCA 2,4,6-TCP 2,4,6-TCA 2,4,6-TCP
Control N .D .' N.D. N.D. N.D. N .D . N .D .
0 N .D . N.D. 0.22, 8.6 0.15 8.6
0.08
2 N.D. N.D. 0.50, 7.1 0.48 7.1
0.45
4.25 0.01, N .D ., 1.2, R) 1.9
0.02 0.02 2.6
8 0.06, 0.01, 3.4, 5.9, 3.0 7.5
0.03 <0.005 2.4 9.1
24 0.18, N .D ., 6.0, 2.0, 7.4 1.2
0.33 N.D. 8.1 0.46
49 0.13, 0.05, 3.6 , 1.1, 3.5 0.80
0.13 N.D. 3.2 0.5
120 0.03, 0.03, 0.58, 0.16, 0.54 0.26
0.01 N.D. 0.40 0.32
’ No detectable residue
Results from duplicate samples are separated by commas. 
No result - acétylation omitted in error.
In general, the data showed more variability between duplicate samples than in the 
surface fortification experiments, but nevertheless demonstrated rapid formation of
2,4,6-TCA in the flesh of the fruit itself. Residues of this component also became 
increasingly measurable in the skin disc, again indicating that 2,4,6-TCA is readily 
distributed through the fruit, this time from the flesh to the skin. After 24 hours, 
presumably by which time some losses had already occurred by dissipation and
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volatilisation, the total amount of 2,4,6-TCA represented O-methylation of 69% of the 
nominal loading of 2,4,6-TCP. Graphical representation of the distribution of 
residues during the course of the experiment (Figure 62(a)), shows a clear correlation 
between the formation of 2,4,6-TCA and the disappearance of 2,4,6-TCP.
By comparison with surface fortification under the same conditions, the rate of 
formation of 2,4,6-TCA calculated by linear regression over the first 24 hours of the 
experiment was almost doubled, at 0.30 /xg/h (Figure 62(b)).
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Figure 62: Formation and distribution of residues in injected annles.
A) Variation of 2,4.6-TCA and 2,4,6-TCP residues with time
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3.7.23 Analysis of surface residues bv FTIR
Reflectance FTIR was used as a non-invasive means of taking a closer look at the 
possibility of O-methylation of 2,4,6-TCP on the fruit surface itself. Apples (c.v. 
Worcester Pearmain) marked with circles as described previously and fortified with 
200 fig of 2,4,6-TCP were examined before and after a 24 hour incubation period at 
room temperature by placing small strips cut from the marked area either underneath 
an ATR crystal or by focussing the residue deposit beneath a microscope attachment 
to the FTIR instrument. The resulting spectra, shown in Figure 63, confirmed that 
O-methylation had occurred on, or very close to, the fruit surface, as illustrated by 
the absorption band at 1005 cm*^  which is characteristic of the C-O-C stretching 
vibration in ether linkage of the anisole. (Reference spectra for 2,4,6-TCP and 2,4,6- 
TCA are shown in Figure 64.)
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Figure 63: Comparative apple skin FTIR spectra recorded using ATR.
A) Control apple skin.
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Figure 64: FTIR reference spectra for 2.4,6-TCA and 2.4,6-TCP.
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3.7.2.4 Fortification of homogenised apples
The 0-methylation of 2,4,6-TCP in apple flesh was studied in more detail by 
fortification of replicate subsamples taken from the same homogenised bulk in order 
to minimise inter-sample variation and provide a more reproducible model system for 
the subsequent evaluation of comparative enzyme kinetics.
The initial experiment concerned the fortification of 100 g homogenates of whole fruit 
(c.v.Bramley), including skin, with 1.0 mg of 2,4,6-TCP, leaving the samples, sealed 
in round-bottomed flasks, to incubate at room temperature (approximately 20 °C) for 
periods of up to 124 hours. Residues of 2,4,6-TCA are shown in Table 40.
Table 40: Residues of 2.4.6-TCA in homogenised whole apples fortified with 2.4.6- 
TCP
Incubation 
time (h)
Residue level (^g/kg)
Duplicates Mean Equivalent
2,4,6-TCP
Control N.D., N.D.* N.D. N.D.
0 3.1, 3.2 3.2 3.0
3 6.0, 5.6 5.8 5.4
7 8.5, 8.2 8.4 7.8
15.3 8.1, 12 10 9.3
24 14, 14 14 13
42.4 16, 22 19 18
76.5 38, 40 39 36
* No detectable residue
In general, the duplicate samples showed very good agreement with each other and
2,4,6-TCA was steadily produced throughout the experiment, equating to 0.36% 
conversion of the phenol at termination. This was a much lower level than that found 
in the experiments involving post-harvest fortification of non-homogenised fruit,
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although the 2,4,6-TCP loading was much higher in this case, and the fruit were of a 
different variety. Kinetically, the O-methylation of 2,4,6-TCP involves two reactants, 
the phenol and the methyl donor, catalysed by an enzyme, and would essentially be 
expected to be a second order reaction, with the rate dependent upon the 
concentrations of both reactants. Under the conditions of the experiment, however, 
the concentration of the methyl donor was approximately the same in each sample and 
was presumably present in sufficient excess so as to be relatively unaffected by the 
course of the reaction, because the data were amenable to suitable evaluation as a 
pseudo-first order reaction with respect to 2,4,6-TCP. Linear regression analysis 
using the first order rate equation in the form:
logC,=logC„ 2.303
where C^  =  concentration at time t
Cq =  concentration at time 0
k’ =  pseudo-first o rder rate
constant
gave a calculated 2,4,6-TCP half-life, in terms of méthylation to the anisole, of 
17,000 hours (Figure 65).
This experiment was repeated over a 48-hour period using further homogenates of the 
same fruit which had been pre-heated to boiling point with water (25 ml) then cooled 
prior to fortification and incubation. No residues of 2,4,6-TCA were detectable at 
any incubation interval, indicating that the enzyme mediating the reaction had been 
denatured by heating, causing loss of its active three-dimensional structure by 
unfolding (Price and Stevens, 1982).
Three further experiments were conducted in which apple homogenates of flesh only 
(c.v.Bramley), after removal of skin by peeling, were fortified with either 10, 100 or 
1000 fx% of 2,4,6-TCP and incubated for 50 to 73 hours. The residues of 2,4,6-TCA 
produced in each case are listed in Table 41.
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Figure 65: Linear regression analysis of 0-methv!ation in homogenised whole anple.
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Table 41: Residues of 2.4.6-TCA in homogenised apple flesh fortified with 2.4.6-TCP
Fortification
level(|ig/kg)
Incubation 
time (h)
2,4,6-TCA residue level (jig/kg)
Duplicates Mean Equivalent
2,4,6-TCP
100
Control N.D., N .D .' N.D. N.D.
0.5 0.10, 0.10 0.10 0.09
18 0.50, 0.50 0.50 0.47
44 1.2, 1.1 1.2 1.1
73 1.1, 1.2 1.2 1.1
1000
Control N.D. N.D. N.D.
0.25 0.10, 0.10 0.10 0.09
5.3 0.70, 0.70 0.70 0.65
24 2.5 2.5 2.5
51 2.0, 1.9 2.0 1.9
10,000
Control N.D., N.D. N.D. N.D.
0.25 0.40, 0.30 0.40 0.37
4.75 2.4, 1.6 2.0 1.9
8.75 3.2, 3.0 3.1 2.9
25 7.4, 7.7 7.6 7.1
50 11,7.0 8.7 8.1
* No detectable residue
Once again, the agreement between duplicate samples was good, and 2,4,6-TCA was 
produced steadily with time, the concentration being dependent upon the fortification 
level. It was noticeable in all cases, however, that residues increased to a negligible 
degree between the last two sampling intervals, indicating a decline in enzyme activity 
from 24 hours onwards caused presumably by dénaturation in the homogenised 
matrix. For the first 24 to 43 hours, the rate of 2,4,6-TCA formation increased 
linearly with time, and linear regression analysis (Figure 66) was used to calculate the 
comparative rates as shown in Table 42.
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Figure 66: Comparative formation of 2.4.6-TCA in homogenised apple flesh.
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Table 42: Rates of formation of 2.4.6-TCA in homogenised apple flesh.
2,4,6-TCP
concn.
(s fig/kg)
2,4,6-TCA formation
Regression
coeff.
Rate 
(v /xg/hour)
1/v
100 0.999 0.00256 391
1000 0.999 0.00986 101
10,000 0.999 0.0286 35.0
For a reaction in which a single substrate, S, is acted upon by an enzyme, E, the 
assumption may be made that catalysis occurs via rapid and reversible formation of a 
complex, ES, in which the substrate binds to the active site of the enzyme. The 
complex then breaks down slowly to give the product, P, regenerating the enzyme in 
the process. The scheme may be simplistically represented by:-
E+S vk ES
*2ES E*P
where k ,^ k_i and k  ^ represent the appropriate rate constants. By using either the 
assumption a) that the equilibrium of E +  S with ES is only slightly disturbed by the 
breakdown of ES to product, or b) that ES is in a steady state with its rate of 
formation equal to its rate of breakdown, the kinetics of the reaction may be 
represented by the fundamental Michaelis-Menten equation (Stryer, 1981):-
+[S]
where v is the rate of product formation, is the maximum rate and is the 
Michaelis constant, equal to (k.j +  k2)/ki, representing the concentration of the
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substrate at which the velocity of the reaction is half maximal. The quantities 
and K„ aie kinetic parameters of the enzyme which are characteristic under a given 
set of conditions, and their values are best derived from a linear graphical 
representation of the Michaelis-Menten equation, such as the Lineweaver-Burk 
equation (Lineweaver and Burk, 1934). In this approach, reciprocals are taken to 
give:-
1 i  1
V
A plot of 1/v against 1/[S] produces a straight line of slope with intercepts on
the X and y axes of -1/K^ and 1/V„ax> respectively.
The O-methylation of 2,4,6-TCP requires a methyl source, assumed to be SAM, the 
ubiquitous methyl donor in biological systems (section 2.7.1.), and is thus essentially 
a two-substrate reaction catalysed by a methyltransferase. Further assumptions are 
therefore necessary in order that the kinetics may be represented by a modified form 
of the Michaelis-Menten equation. Work by Coward et al. (1973) has shown that the 
reaction mechanism for biological O-methylation involving SAM is most likely to 
proceed via a ternary complex containing the enzyme, E, and both substrates, A and 
B, to produce the products P and Q via the scheme:-
E+A-^B EAB EPQ Æ+P+Ç
Application of a steady state assumption, as for single-substrate reactions, leads to an 
equation for v, the initial rate of the reaction, of:-
where and Kg represent the Michaelis constants for A and B, respectively. The 
inverse of this expression resembles the Lineweaver-Burk equation in that a plot of 
1/v against 1/[A] will be linear for a fixed value of [B]. The intercept on the y-axis
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then represents
Kb
and the intercept on the x-axis represents
which may be interpreted as an apparent value. Both of these intercept values 
therefore vary with [B], but are representative under a fixed set of conditions. This 
applies to the experiments involving fortification of replicate homogenates of apple 
flesh with different amounts of 2,4,6-TCP, where the concentration of SAM was 
effectively the same in each sample. The inverse of the initial rate of reaction, 
represented by the slopes of the regression lines calculated as above by linear 
regression, is plotted against tlie inverse of the concentration of 2,4,6-TCP in 
Figure 67. The apparent estimated by this method was 3.6 x 10‘® Moles/g of 
apple flesh.
This first indication of the participation of enzyme kinetics in the O-methylation of
2,4,6-TCP by apple flesh homogenates, generated from a limited amount of derived 
data, was subsequently investigated more specifically as described in section 3.9.
•174-
Figure 67: Lineweaver-Burk analysis of comparative 2.4.6-TCA formation rates.
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3.7.2.5 Fortification of apples under sterile conditions
Sterilised whole apples (c.v. Cox’s Orange Pippin) were peeled, homogenised, 
fortified (10 /xg 2,4,6-TCP), incubated and prepared for extraction under aseptic 
conditions maintained in a laminar flow cabinet. Agar smears taken during the course 
of preparing the samples indicated that both the skin and homogenised flesh of apples 
which had been sterilised by immersion in ethanol were free of any contamination 
with microorganisms. By contrast, the plates prepared from smears taken from the 
skin of non-sterile fruit indicated a variety of bacterial and fungal growths, 
summarised in Table 43.
Table 43: Assessment of agar plates from non-sterile apple skin
Growth medium Tentative interpretation
Nutrient agar Large crenulated colony indicating a spore-forming bacterium
Sabouraud 
dextrose agar
1 tiny orange colony: possibly Staphylococcus sp.
3 large black/green moulds: possibly pénicillium or aspergillus 
1 large mucoid colony of a bacterium
Potato dextrose 
agar
2 tiny yellow colonies, possibly micrococcus.
2 small white fungal growths
Several white/cream colonies, possibly yeasts or bacterium. 
4 large brown moulds.
4 large mucoid colonies of bacterium
C-^ f
c r - f
After a 24 hour incubation period at room temperature, analysis of duplicate samples 
clearly demonstrated that significant amounts of 2,4,6-TCA had been formed 
(Table 44), thereby confirming that O-methylation of 2,4,6-TCP had been effected by 
the fruit flesh itself, with no microbial participation. Comparative chromatograms are 
shown in Figure 68.
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Table 44: Residues of 2.4.6-TCA in homogenised apple flesh incubated under sterile
conditions
Incubation time (h) 2,4,6-TCA residue level 
(^g/kg, duplicate samples)
Control N .D .'
0 0.30
0.30
24 7.5
7.5
No detectable residue.
A second batch of homogenised apple flesh, similarly prepared under aseptic 
conditions, was sub-divided prior to fortification and incubation of one set of duplicate 
samples under aseptic conditions and another set under normal laboratory conditions. 
At the end of the 24-hour incubation period, there was no distinguishable difference in 
the relative amounts of 2,4,6-TCA produced (Table 45). In an additional experiment, 
duplicate sterile and non-sterile whole fruit samples were each surface-fortified with 
lOjtig of 2,4,6-TCP within circles marked on the skins using a No. 18 cork borer and 
incubated at room temperature for 12 hours. Residue analysis of the separated skin 
discs showed that comparable amounts of 2,4,6-TCA had been formed in each case 
(Table 46), confirming that O-methylation on the fruit surface could also be readily 
effected by plant constituents in the absence of microorganisms.
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Figure 68: O-methylation of 2.4,6-TCP in apples under sterile conditions.
A) Control apple flesh 
A bundance i
7200:
6000:
4800:
3600 4
2400:
1200:
0^
2,4,6-TCA retention
2,4-DBA
10.50 11.00 11.50 12.00 12.50 13.00
Time (min.)
B) Flesh from sterile apple, 24 hours after fortification with 2,4,6-TCP
A bundance
2,4,6-TCA
9000
2,4-DBA
6000
3000
13.0012.00 12.5010.50 11.00 11.50
Time (min.)
GC/NfSD conditions
Column: PTE-5, 30m x 0.25mm i.d., 0.25|im df. Helium at 0.75ml/min.
Injection: 2 liI splitless; 180°C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280»C; Ion groups m/z 195,210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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Table 45: Comparison of 2.4.6-TCA formation in apple flesh under sterile and ’semi-sterile’
conditions
Conditions Incubation
time(h)
2,4,6-TCA residue 
(Aig/kg -dupl. samples)
Control - N .D .'
Sterile 24 6.5,
7.6
’Semi-sterile’ 24 &8,
6.7
No detectable residue
Table 46: Comparison of 2.4.6-TCA residues in sterile and non-sterile apple skin discs.
Conditions Incubation 2,4,6-TCA residue
time (h) ()Ltg - dupl. samples)
Control - N .D .'
Sterile 12 0.91,
1.2
Non-sterile 12 0.79,
0.81
* No detectable residue 
3.7.2.6 Fortification of other fruit
The capacity for O-methylation of 2,4,6-TCP in citrus fruit, bananas, avocados and 
tomatoes was investigated by fortification of the homogenised flesh from surface- 
sterilised fruit, as previously tested with apples. The fruit selected had either 
positive, negative or equivocal associations with taint when treated with prochloraz in 
field trials. Residues of 2,4,6-TCA found after incubation for 24 hours at room 
temperature are shown in Table 47. For comparison, the data obtained from apples 
under similar conditions are repeated in the table.
Within the detection limits of the method, the results indicated that O-methylation did 
not take place in the homogenised flesh of either citrus fruit or avocados. With 
regard to the latter, the experiment was repeated using both direct steam distillation
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Table 47: 0-Methvlatlon of 2.4.6-TCP in homogenised fruit flesh
Sample type Fortification 
level (fjLg/kg)
Incubation 
time (h)
2,4,6-TCA
residue
level(;rg/kg)(i)
%
conversion 
of 2,4,6-TCP
Apple (c.v.Cox’s 
Orange Pippin)
Control - N .D .'
200
0 0.34 0.16
24 7.6 3.5
Citrus (c.v. 
Clementine)
Control - N.D.
200
0 N.D.,
<0.01
<0.005
24 N.D.,
N.D.
N.D.
Avocado^^)
Control - N.D.
200
0 N.D.,
N.D.
N.D.
24 N.D.,
N.D.
N.D.
Banana
Control - N.D.
200
0 0.10,
0.16
0.06
24 4.4,
4.2
2.0
Tomato
Control - N.D.
200
0 0.08,
0.07
0.04
24 0.10,
0.08
0.05
(1)
(2)
No detectable residue
Results from duplicate samples are separated by commas. 
Avocado fruit were not surface-sterilised
and pre-extraction with hexane in a soxhlet, as a precaution against the potential 
difficulties of working with this matrix (section 1.5.7); no residues of 2,4,6-TCA 
were apparent in either case (Figure 69).
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Figure 69: GC/MSD chromatograms showing negligible 0-methvlation in avocados.
A) Fortified avocado flesh. Time 0.
Abundance 2,4-DBA
3000
2,4,6-TCA retention2400
1800
1200
600:
12.50 
Time (min.)
12.0011.5011.0010.50
B) Fortified avocado flesh after incubation for 24 hours
2,4-DBAA bundance
3000 2.4.6-TCA retention
2400
1800
1200
600
12.5012.0011.5010.50 11.00
Time (min.)
GC/MSD conditions
Column: PTE-5,30m x 0.25mm i.d., 0.25 um df. Helium at 0.75ml/min.
Injection: 2^1 splitless; 180°C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195,210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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Bananas demonstrated a capacity for O-methylation similar to that observed for 
apples, with a mean value of 2.0% conversion of the phenol compared to 3.5% for 
apples. Representative chromatograms are shown in Figure 70. Tomatoes on the 
other hand showed negligible conversion at only 0.05% after 24 hours, with a similar 
value found at time zero. These figures tended to suggest that tomato flesh showed 
little, if any, capacity for O-methylation, although there was a clear difference from 
the control sample despite the fact that residues were extremely low (Figure 71).
Given the fact that occasional taints have been reported in citrus fruit, more 
particularly after foliar treatment with prochloraz, additional experiments were 
conducted in which individual whole fruit were fortified with 10 fig of 2,4,6-TCP 
either by injection into the flesh or applied to the surface, as previously tested with 
apples (sections 3.7.2.1 and 3.7.2.2). The results are shown in Table 48 and 
Table 49, respectively, expressed on the basis of total jug recovered in order to 
facilitate the comparison of data, as each sample was derived from a separate fruit. 
In the surface-fortified experiment, the entire flesh of each fruit was analysed as it 
was not feasible to take a core through the treated area. The treated skin discs were 
isolated after removal of the entire peel from each fruit.
Table 48: Residues of 2.4.6-TCA in citrus flesh (c.v. Clementine) injected with
2.4.6-TCP
Incubation Fortification 2,4,6-TCA residue % conversion
time (h) level (jug) level (jug)(^ ) of 2,4,6-TCP
- Control N.D."
0 10 N.D., N.D.
N.D,
24 10 0.003, 0.03
0.003
Results from duplicate samples are separated by commas. 
No detectable residue
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Figure 70: GC/MSD chromatograms showing 0-methvlation of 2.4.6-TCP în bananas.
A )  A p p a r e n t  2 ,4 ,6 - T C A  r e s id u e  0 .0 0 4 p g ,  T in ie  0  
A bundance I
i
3 6 0 0  I
2.4-DBA
2.4,6-TCA
2 4 0 0  J
12.00 1 2 .5 011 .5 011.001 0 .5 0
Time (min.)
B ) 2 ,4 ,6 - T C A  r e s id u e  0 , 1 9 p g  a f te r  in c u b a t io n  fo r  2 4  h o u r s .
A bundance 2.4.6-TCA
6000
4800
3600
2.4-DBA2400
1200 :
12.5011.50 12.0010.50 11.00
Time (min.)
CjC/MSD conditions
Column: PTE-5, 30m x 0.25mm i.d., 0.25|mi df. Hélium at 0.75ml/min.
Injection: 2).il splitless; 180“C; purge after Imin.
Programme: 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195, 210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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Figure 71: GC/MSD chromatograms showing 0-methvlation of 2.4.6-TCP in tnmatnes.
A) Control tomato extract
2,4-DBAA bundance
3000 -
2400 -
2,4,6-TCA retention
1800 -
1 2 0 0 -
-  A ,  A V -\ V  V
600-
12.5011.00 11.50 12.0010.50
Time (min.)
B) Apparent 2,4,6-TCA residue 0.004 pg, after incubation for 24 hours.
2.4-DBAA bundance
3000
2400 2,4,6-TCA
1800
1200
600
12.5011.50 12.0011.0010.50
Time (min.)
GC/MSD conditions
Column: PTE-5,30m x 0.25mm i.d , Q.25fiin df. Helium at 0.75ml/min.
Injection; 2}il splitless; 180°C; purge after Imin.
Programme: 40°C for 2 min.; I5°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195,210 (2,4,6-TCA); 196. 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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Table 49: Residues of 2.4.6-TCA and 2.4.6-TCP in surface-fortified citrus (c.v. 
Minneola)
Incubation Residue level (total pg recovered)^*^
time (h) Flesh Peel disc
2,4,6-TCA 2,4,6-TCP 2,4,6-TCA 2,4,6-TCP
Control N .D .' N.D. N.D. N.D.
0 N.D., <0.005, 0.01, 6.0,
<0.002 <0.005 0.02 12
2 <0.002, 0.006, 0.06, 1.6,
N.D. N.D. 0.06 1.0
7.5 <0.002,
N.D.
N.D.,
<0.005
0.07 0.68
26 N.D.,
<0.002
N.D.,
<0.005
0.04 0.57
48 N.D.,
<0.002
N.D.,
N.D.
0.02,
0.05
0.31
116 <0.002, N.D., 0.04, 0.28,
N.D. N.D. 0.06 0.39
No detectable residue
Results of duplicate samples are separated by commas.
Similar to the findings with homogenised flesh, injection of 2,4,6-TCP into the flesh 
indicated a negligible degree of O-methylation, although there was a slight difference 
at the end of the 24-hour incubation period, with very small residues of 2,4,6-TCA 
equating to 0.03% conversion of the phenol. Analysis of the flesh from the surface- 
fortified fruit showed no measurable residues of either 2,4,6-TCA or 2,4,6-TCP at 
any of the incubation times tested, but in the skin discs, residues of 2,4,6-TCA were 
apparent from time 0, showing a maximum equivalent to 0.7% conversion of the 
phenol after 7.5 hours. Residues thereafter showed a slow decline, presumably due to 
dissipation beyond the dimensions of the skin disc and losses through volatilisation.
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Due to the coextractive background from the citrus skin, it was difficult to obtain 
reliable quantitation of corresponding phenol residues, although it was clear from the 
overall pattern of the data, shown in Figure 72, that dissipation occurred very rapidly.
As with apples (section 3.7.2.5), a separate experiment involving the analysis of 
sterile and non-sterile skin discs (mandarin oranges, c.v. Clementine) again showed 
that compaiable, although in this case relatively small, amounts of 2,4,6-TCA had 
been formed in each case (Table 50), thus confirming that O-methylation observed on 
the fruit surface could be effected by the fruit itself.
Table 50: Comparison of O-methvlation in citrus peel under sterile and non-sterile 
conditions.
Conditions Incubation 2,4,6-TCA residue
time (hours) level (total pg)^ ^^
Control - N .D .'
Sterile 12 0.006,
0.005
Non-sterile 12 0.004,
0.005
Results from duplicate samples are separated by commas. 
No detectable residue
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Figure 72: Formation and distribution of residues in citrus peel fortified with 2.4.6-TrP.
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3.7.3 Dissipation of 2.4.6-TCA in apples
The residue dissipation of 2,4,6-TCA in apples was studied by injecting individual apples 
(c.v. Cox’s Orange Pippin) with 1 jug at a depth of approximately 1 cm into the flesh. 
The residues remaining in duplicate samples analysed after incubation at room 
temperature for intervals between 0 and 11 days are shown in Table 51.
Table 51: Dissipation of 2.4.6-TCA residues in fortified apples
Incubation 
time (h)
% of nominal 
residue remaining 
in duplicate samples
0 100
100
48 91
86
79 73
48*
123 57
53
170 53
29
267 23
13
Extract inadvertently taken dry; result treated as an outlier.
Over the duration of the experiment, a steady decline of residues was observed, with the 
precision between duplicate samples generally decreasing with time, probably due to 
matrix variations between individual fruit. The data followed first order kinetics, and 
linear regression analysis (Figure 73) was used to compute a dissipation half-life of 127 
hours for 2,4,6-TCA. Given the relatively high vapour pressure of the anisole, this 
figure was presumed to be largely representative of the degree to which 2,4,6-TCA was 
lost by volatilisation, and would obviously be expected to vary considerably with 
temperature. The significance of the dissipation rate under any given circumstances, 
however, will depend to a large extent upon the rate at which the anisole is being formed.
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Figure 73: Linear regression analysis of 2.4.6-TCA residue dissipation in aonles.
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3.7.4 Post-harvest fortification of apples with prochloraz
Retaining apples as the primary model, these experiments involved fortification with 
prochloraz in the form of an analytical standard solution in ethanol to draw comparisons 
with fortifications using 2,4,6-TCP and to provide further insight into the formation of
2,4,6-TCA in post-harvest situations.
Replicate samples of homogenised apple flesh (c.v. Bramley) fortified with 1.0 mg of 
prochloraz were incubated at room temperature for periods of up to 135 hours. Residues 
of 2,4,6-TCA and 2,4,6-TCP determined in subsequent extracts by GC/MSD are shown 
in Table 52.
Table 52: Formation of 2.4.6-TCA and 2.4.6-TCP in homogenised apple flesh fortified 
with prochloraz
Incubation 
time (hours)
Residue level, duplicate samples (fig/kg)
2,4,6-TCP 2,4,6-TCA
0.1 48 N.D.*
44 N.D.
15 80 0.10
55 0.10
24 56 0.20
41 0.10
40 65 0.30
56 0.20
63 58 0.30
49 0.40
135 76 0.10
53 0.10
No detectable residue
Within the limits of experimental error, similar residues of 2,4,6-TCP were found
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throughout the experiment. This apparently static concentration was assumed to be partly 
due to the impurity level in the analytical standard of prochloraz, previously estimated at 
0.05% (section 3.3), which would have contributed approximately 0.5 fig to the phenol 
residue in this experiment, representing a very low concentration as an available precursor 
for 2,4,6-TCA. Consequently, residues of the latter showed only a slight increase to 
reach 0.40 jtcg/kg after 63 hours. The remainder of the phenol residue was probably 
formed by hydrolysis during extraction (section 3.4.2), and would therefore have been 
unavailable for anisole formation.
In a second experiment, prochloraz (100 fig) was applied to the apple surface (c.v. Cox’s 
Orange Pippin) by fortification within a marked circle on the skin, as used previously for
2,4,6-TCP. After incubation at room temperature for periods of up to 48 hours, cores 
taken through replicated individual fruit were analysed either for prochloraz, BTS 44595 
and BTS 44596 by HPLC or for 2,4,6-TCA and 2,4,6-TCP by GC/MSD. Residues 
found in the skin and flesh fractions are listed in Table 53, expressed in terms of total fig 
recovered in order to facilitate comparisons between samples.
Residues of prochloraz showed a negligible loss from the surface of the fruit for the 
duration of the experiment, with similar accountability at 0 and 47 hours. There was, 
however, evidence to indicate that small amounts of prochloraz had begun to penetrate 
into the flesh after 20 hours, increasing with time to reach a level equivalent to 
approximately 2.5% of the Initial prochloraz loading after 47 hours. This is shown 
graphically in Figure 74. There was no positive indication, within the limits of detection 
of the HPLC method, of any formation of the plant metabolites BTS 44595 and BTS 
44596 during the course of the experiment.
In terms of 2,4,6-TCP, residues showed a similar pattern to that found from the 
fortification of homogenised fruit with prochloraz, in that the level of 2,4,6-TCP in the 
skin remained static at approximately 0.34 jag, with slight penetration into the flesh from 
20 hours onwards. Given the lower prochloraz loading in this experiment, the phenol 
impurity level would have been expected to have contributed around 0.05 jag, leading to 
very small residues of 2,4,6-TCA in the skin which would have been either below the 
detection limit initially, or taken below the limit by volatilisation losses. As in the
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Table 53: Residues of prochloraz. BTS 44596. BTS 44595. 2.4.6-TCP and 2.4.6-TCA in
surface-fortified apples
Residue level (total (xg  recovered) in duplicate samples
Incubation Skin disc Flesh core
time (h) Proch. BTS
44596
BTS
44595
2,4,6-
TCP
2,4,6-
TCA
Proch, BTS
44596
BTS
44595
2,4,6-
TCP
2,4,6-
TCA
Control N.D.* N .D . N.D. N .D . N .D . N .D . N .D . N .D . N .D . N.D.
0 81
80
N .D .
N .D .
N .D .
N.D.
- - N .D .
< 0 .5
N.D.
0.62
N .D .
N .D .
- -
2 120
81
N .D .
N .D .
N .D .
N .D .
0.45")
0.16")
N.D.")
N.D.")
N .D .
N .D .
N.D.
N.D.
N .D .
N.D .
- -
4 110
130
N .D .
N .D .
N .D .
N .D .
0.34")
0.33")
N.D.")
N.D.")
N .D .
N .D .
< 0 .5
< 0 .5
N.D .
N.D .
- -
20 110
98
N .D .
N .D .
N .D .
N .D .
0.37
0.52
N .D .
N .D .
0.89
0.99
N.D.
< 0 .5
< 0 .5
< 0 .5
0.06
0.01
N .D .
N .D .
28 88
85
N .D .
N .D .
N .D .
N .D .
0.21
0.39
N .D .
N .D .
0.89
1.9
N.D.
N.D.
N .D .
N .D .
0.02
0.01
N .D .
N .D .
47 80
87
N .D .
N .D .
N .D .
N .D .
0.34
0.30
N .D .
N .D .
2.3
2.6
N.D .
N.D .
N .D .
N .D .
0.01
N .D .
N .D .
N .D .
* No detectable residue
Skin disc and flesh core combined
previous experiment, the remainder of the 2,4,6-TCP residue is most likely to have been 
generated by hydrolysis during extraction, and thus would not have been available for O- 
methylation.
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Figure 74: Distribution of prochloraz residues in apples following surface fortification.
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3.8 Simulated commercial post-harvest treatment
Extending from the previous experiment, a simulation of commercial post-harvest treatment 
was conducted by dipping fruit in a solution of the 40% EC formulation of prochloraz 
prepared at a representative rate of approximately 40 g ai/hl. For comparison, the entire 
process was repeated with a purified formulation of the same type and concentration, 
specially prepared from analytical standard grade prochloraz, after pre-extraction of residual
2,4,6-TCP. Samples of apples (c.v. Cox’s Orange Pippin), citrus (c.v Clementine) and 
bananas were dipped in the prepared solutions as suitably representative fruit with known or 
suspected associations of taint. After draining and allowing the formulation to dry, the 
samples were left at room temperature for 0 ,4  or 6 days before determination of prochloraz, 
BTS 44595, BTS 44596, 2,4,6-TCP and 2,4,6-TCA in apples (Table 54), citrus (Table 55) 
and bananas (Table 56). Prior to treating the fruit, the actual concentrations of the dip 
solutions were verified by HPLC as included in the results tables. As in all previous 
experiments, appropriate control samples were also analysed but found to contain no 
measurable residues of any of the analytes.
Under the conditions of these experiments, where the prochloraz loading on the samples was 
dependent upon the size and nature of the individual fruits, a higher degree of variability in 
residue concentrations was expected. This was reflected to some extent in the results, but did 
not mask the clear patterns which emerged from the data and which showed good consistency 
with the findings from the previous experiments conducted under more controlled conditions. 
The initial HPLC analyses confirmed that all fruit had been similarly treated, which was 
necessary to enable subsequent comparisons to be made. After 4 to 6 days, small residues of 
prochloraz had penetrated into the flesh of both apples and citrus, but none was detectable in 
bananas; there was no evidence of formation of BTS 44596 and BTS 44595 in any of the 
samples analysed.
In terms of 2,4,6-TCP, small residues were found in the flesh of all fruit types after 4 to 6 
days’ incubation, including those treated with the purified formulation, although these were 
significantly smaller. As the 2,4,6-TCP impurity level had been minimised in the latter case, 
the probable source of the phenol was via hydrolysis of the corresponding prochloraz residues 
referred to above. The data from bananas supported this, as phenol residues in the flesh
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Table 54: Residues in apples following simulated commercial Post-harvest dip
Incn. Analyte Residue level, duplicate samples (units according to analyte)
time
(h) Commercial EC, 45.8 gai/hl Purified EC, 43.4 gai/hl
WholeC) Flesh Peel Whole® Flesh Peel
Prochloraz
(mg/kg)
5.8
3.8
5.0
8.0
0 BTS 44596 (mg/kg)
N.D.
N.D.
0.43
0.55®
BTS 
44595(mg/kg)
N.D.
N.D.
< 0 .02
< 0 .02
96
2,4,6-TCP
(Mg/kg)
0.76
1.1
330
190
2,4,6-TCA
(Mg/kg)
0.08
0.09
0.74
0.92
Prochloraz
(mg/kg)
0.06
0.03
BTS 44596 
(mg/kg)
N.D.
<0.02®
144 BTS 44595 
(mg/kg)
N.D.
< 0 .02
2,4,6-TCP
(/tg/kg)
3.7
2.6
500
370
0.82
1.5
2,4,6-TCA
(/tg/kg)
0.36
0.51
4.7
3.1
0.07
0.07
* No detectable residue
Determined by extraction of surface residues (section 2.3.2.1). 
® Apparent residue due to variable background from matrix. 
Estimated limit of determination in this experiment.
following treatment with the purified formulation were generally below the limit of 
determination. Phenol residues in the skin were high in all cases, due to hydrolysis of 
prochloraz. These samples, which would have contained very high residues of prochloraz/ 
were relatively small and low in acidity, leading to hydrolysis of prochloraz at a pH level 
near neutral during reflux of the aqueous extracts, resulting in the production of significant 
amounts of 2,4,6-TCP. For this reason, no interpretation could be placed upon their 
significance.
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Table 55: Residues in citrus following simulated commercial post-harvest dip
Incn. Analyte Residue level, duplicate samples (units according to analyte)
time
(h) Commercial EC, 45.8 gai/hl Purified EC, 43.4 gai/hl
Whole<^ ) Flesh Peel Whole( )^ Flesh Peel
Prochloraz
(mg/kg)
6.4
9.2
13
12
0 BTS 44596 (mg/kg)
N.D."
N.D.
N.D.
N.D.
BTS 44595 
(mg/kg)
N.D.
N.D.
N.D.
N.D.
2,4,6-TCP
(/^g/kg)
0.17 170
95
96 2,4,6-TCA
(jwg/kg)
N.D.
N.D.
<0.10®
N.D.
Prochloraz
(mg/kg)
1.2
0.4
BTS 44596 
(mg/kg)
< 0.02
144 BTS 44595 
(mg/kg)
< 0.02
< 0 .02
2,4,6-TCP
(Mg/kg)
3.2
3.1
270
430
0.40
0.46
2,4,6-TCA
(/ig/kg)
N.D.
N.D.
< 0 .10
N.D.
N.D.
N.D.
No detectable residue
Determined by extraction of surface residues (section 2.3.2.1).
® Estimated limit of determination for this substrate in this experiment
Six days after treatment with the commercial 40EC formulation of prochloraz, there were 
measurable residues of 2,4,6-TCA in the edible flesh of both apples and bananas, averaging 
0.44 ^g/kg in the former and 0.85 jug/kg in the latter. By contrast, there were no detectable 
residues in citrus flesh (Figure 75). Analysis of skin after six days also confirmed the 
presence of measurable anisole residues, averaging 3.9 /ig/kg in apples and 7.9 jitg/kg for 
bananas with negligible concentrations in citrus. In comparison with these data, 2,4,6-TCA 
residues in the flesh of fruit either 4 or 6 days after treatment with the purified formulation
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Table 56: Residues in bananas following simulated commercial post-harvest dip
Incn. Analyte Residue level, duplicate samples (units according to analyte)
time
(h) Commercial EC, 45.8 gai/hl Purified EC, 43.4 gai/hl
Whole^) Flesh Peel Whole^ *^ Flesh Peel
Prochloraz
(mg/kg)
2.4
4.1
4.9
6.4
0 BTS 44596 (mg/kg)
N.D.*
N.D.
N.D.
N.D.
BTS 44595 
(mg/kg)
N.D.
N.D.
N.D.
N.D.
2,4,6-TCP
(/itg/kg)
0.12
0.12
270
300
96 2,4,6-TCA
(/tg/kg)
N.D.
N.D.
0.15
0.13
Prochloraz
(mg/kg) <0.02®
< 0.02
BTS 44596 
(mg/kg)
N.D.
N.D.
144 BTS 44595 
(mg/kg)
N.D.
N.D.
2,4,6-TCP
(Atg/kg)
0.76
0.24
45
36
N.D.
0.11
2,4,6-TCA
(/ig/kg)
0.87
0.83
9.0
6.8 <0.05®
< 0.05
No detectable residue
Determined by extraction o f surface residues (section 2.3.2.1). 
Estimated limit of determination for this substrate in this experiment
were very low, being <0 .05  /xg/kg in bananas with 0.06 to 0.09 /itg/kg in apples; as with the 
commercial formulation, there were no detectable residues in citrus flesh. Corresponding 
skin residues were negligible in citrus, and small but measurable in apples and bananas, 
possibly suggesting that at least some 2,4,6-TCP had survived the purification procedure. 
The comparison of anisole residues between the two treatments is shown in Figure 76.
A further experiment was conducted in which similar comparative formulations were prepared
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Figure 75: GC/MSD analysis of citrus flesh after simulated commercial post-harvest treatment
A) CitiTis flesh control
2,3,4,6-TECA
A bundance j 
9000 j1
6 0 0 0  -
2,4,6-TCA retention
\
i
3 0 0 0 2,4,6-TCPA
0 - , 1 1 , 1  ,,— r—1—1 - - r - i— 1— '— r—1— 1— 1— 1— j— i— 1— [— — 1— ' I ■' ' '  ' ' I '*10.50 11.00 11.50 12.00 12.50 13.00 13.50
Time (min.)
B) Citais flesh, 144 hours after dipping witli 40EC formulation
TIC): 1201014.D 2,3,4.6-TECAA bundance
2.4.6-TCPA9000 -
6000
2,4,6-TCA retention
3000
13.00 13.50
Time (min.)
12.5011.50 12.0010.50 11.00
GC/MSD conditions
Column; PTE-5, 30m x 0.25mm i.d., 0.25nm df. Helium at 0.75ml/min.
Injection: 2|.il splitless; 180°C; purge after Imin.
Programme; 40°C for 2 min.; 15°C/min. to 210°C for 8 min.
Detection: 280°C; Ion groups m/z 195, 210 (2,4,6-TCA); 196, 198 (2,4,6-TCPA); 266, 268 (2,4-DBA)
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Figure 76: Comparison of 2.4.6-TCA residues following simulated post-harvest treatment.
A) F le sh
m Com m ercial EC 
□  Purified ECo) 0.71
r  0.6 J
S 0.5
Ü 0.31
0.2^
Apple Citrus Banana
B) P eel
Commercial EC ' 
Purified EC
Apple Citrus B anana
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for the treatment of bananas which were then sent for taint testing by the CFDRA four days 
after treatment. Duplicate samples were analysed for residues of 2,4,6-TCP and 2,4,6-TCA 
five days after treatment. All results, including taint assessments, are shown in Table 57. In 
view of the possibility, noted above, that a small concentration of 2,4,6-TCP may have 
remained in the purified formulation, the phenol impurity levels, also shown in Table 57, 
were specifically quantified in both of the dip solutions used in this experiment.
Table 57: Taint and residue analvsis of bananas following simulated commercial post-harvest 
dip
Formulation Application
ratc(gai/hl)
2,4,6-TCP
impurity(%)
Residue level, 
duplicate samples 
(Atg/kg)
Taint test result
2,4,6-
TCA
2,4,6-
TCP
Classn. Comments
Control - - < 0 .05 0.24
Commercial 50.0 1.2 1.1
1.9
0.93
2.0
T 2-very musty;
1-musty/stale;
3-disinfectant/chemical; 
1-perfiimed;
Several fusty/musty/mouldy
Purified 49.2 0.015 < 0.05
0.09
0.67
0.31
ND(T) 1-slightly musty, although similar 
comment for control
Once again, there was a significant difference between anisole residues found in the flesh 
with mean values of 1.5 /ig/kg from the commercial 40EC and 0.06 jug/kg from the purified 
formulation. These showed a good correlation to the taint data, the former giving a clearly 
adverse result with a statistically significant taint, and the latter being reported as only 
slightly musty, similar to the control sample. As the control sample was found to contain 
residues of both analytes which were only slightly below the concentrations of those in the 
sample treated with the purified formulation, the suggestion was that the sensory detection 
threshold for 2,4,6-TCA in bananas is around 0.05 /ig/kg.
The 2,4,6-TCP impurity level in the purified formulation, at 0.015%, was approximately 
30% of the level in the prochloraz analytical standard before purification, which was 
somewhat higher than expected but still well below that found in the commercial formulation.
2 0 0
The purification method used was the same as that developed for solutions of prochloraz 
containing approximately I mg of material, including similar volumes for solvent partition. 
In preparing the purified formulation, however, the amount of analytical grade prochloraz 
involved was approximately 250 mg, equating to a loading of approximately 125 fig of 2,4,6- 
TCP. At this level, the successful removal of approximately 87.5 /xg of phenol during 
purification may have reflected a limitation of the procedure without significantly increasing 
the partition volumes.
3.9 Characterisation of 0-methvlation in apples
. 3.9.1 Comparative O-methvlation of chlorophenols
Aliquots (100 g) of homogenised flesh prepared from surface-sterilised and peeled apples 
(c.v.Bramley) were fortified with 1.0 mg each of 4-CP, 2,4-DCP, 2,6-DCP and 3,4,5- 
TCP from a mixed solution in ethanol. Residues of the corresponding anisoles found 
after incubation at room temperature for intervals between 0 and 50 hours are listed in 
Table 58. These indicated quite clearly that whilst small but measurable residues of both 
of the dichloroanisoles were formed during the course of the experiment, there were no 
detectable residues of either 4-CA or 3,4,5-TCA at any time, suggesting that O- 
methylation of these phenols had not occurred.
Subsequent fortification of further aliquots with a mixture of 2,4-DCP, 2,6-DCP and
2,4,6-TCP under similar conditions (Table 59) showed 0-methylation of all of the 
phenols, although residues of 2,6-DCA could not be quantified in most of the extracts due 
to chromatographic interference from non-methylated 2,4,6-TCP. Levels of both 2,4- 
DCA and 2,4,6-TCA were comparable at each of the intervals tested, but there was an 
indication that residues of the latter were lower than observed previously from similar 
experiments in which samples had been fortified with 2,4,6-TCP alone (section 3.7,2.4). 
This aspect was investigated more specifically by sub-division of a third batch of 
homogenised flesh into two sets of aliquots which were fortified with 1 mg of 2,4,6-TCP 
either alone, or together with I mg each of 2,4-DCP and 2,6-DCP. The corresponding 
anisole residues found at intervals between 5 and 48 hours (Table 60) confirmed that
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Table 58: Simultaneous fortification of homogenised apple flesh with 4-CP. 2.4-DCP. 2.6-DCP
and 3.4.5-TCP.
Incubation 
time (h)
Residue level, duplicate samples (/xg/kg)
4-CA 2,4-DCA 2,6-DCA 3,4,5-TCA
Control N .D .' N.D. N.D. N.D.
0.25 N.D. 0.30 N.D. N.D.
N.D. 0.30 N.D. N.D.
7 N.D. 0.40 N.D. N.D.
N.D. 0.40 N.D. N.D.
21 N.D. 0.30 0.20 N.D.
N.D. 0.40 0.20 N.D.
30 N.D. 0.30 0.30 N.D.
N.D. 0.60 0.20 N.D.
50 N.D. 0.60 0.20 N.D.
N.D. 0.30 0.20 N.D.
* No detectable residue
levels of 2,4,6-TCA had been significantly reduced by the presence of the 
dichlorophenols, suggesting that they had inhibited O-methylation of 2,4,6-TCP, 
presumably as competitive substrates for the O-methyltransferase enzyme (Price and 
Stevens, 1982). Further confirmation of this effect was achieved by testing each of these 
dichlorophenols independently alongside 2,4,6-TCP in aliquots (50 g) of homogenised 
flesh (c.v. Cox’s Orange Pippin) fortified with only 1 fig of 2,4,6-TCP either alone or 
with 100 fig of dichlorophenol. Residues found after incubation for 24 hours are shovm 
in Table 61, and clearly indicated reduced O-methylation of 2,4,6-TCP by either 
dichlorophenol, although a more marked degree of inhibition was noticed from 2,6-DCP. 
These effects are summarised more clearly in Figure 77.
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Table 59: Simultaneous fortification of homogenised apple flesh with 2.4-DCP. 2.6-DCP and
2.4.6-TCP.
Incubation 
time (h)
Residue level, duplicate samples (/xg/kg)
2,4-DCA 2,6-DCA(^) 2,4,6-TCA
Control N .D .' N.D. N.D.
18 0.20 0.10 0.20
0.10
43 0.30 _ 0.30
0.30 0.20
78 0.40 * 0.30
0.50 0.40
No detectable residue
Residues could not be quantified in most extracts (see text).
Table 60: O-methvlation of 2.4.6-TCP in homogenised apples in the presence of both 2.4-DCP 
and 2.6-DCP together.
Incubation 
time (h)
Residue level (fxg/kgY^\ after fortn. with;
2,4,6-TCP alone 2,4-DCP, 2,6-DCP and 2,4,6-TCP
2,4,6-TCA 2,4,6-TCA 2,4-DCA
Control N .D .' N.D. N.D.
5 0.60, 0.20, 0.30,
0.40 0.50 0.70
25 1.4, 0.40, 0.20,
1.2 0.40 0.20
48 2.2, 0.30, 0.20,
2.0 0.30 0.30
(1)
No detectable residue
Results from duplicate samples are separated by commas.
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Figure 77: Inhibition of the O-methvlation of 2.4.6-TCP bv d ic h lo r o p h e n o ls
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Table 61: O-methvlation of 2.4.6-TCP in homogenised apple flesh in the presence of either 2.4-
DCP or 2.6-DCP.
Residue of 2,4,6-TCA (fxg/kg) '^  ^ from fortification with 2,4,6-TCP:
Alone j -f- 2,4-DCP + 2,6-DCP
2.2, 1 0.94, 0.18,
2.2 1 1.2 0.20
Results from duplicate samples are separated by commas.
3.10 Inhibition studies with plant phenolics
The O-methylation of 2,4,6-TCP was compared in the presence of either catechol, caffeic 
acid or quercetin by fortification of both whole and homogenised apples (c.v. Spartan) 
which had been previously surface sterilised. The former were injected with 1 jig of
2,4,6-TCP either alone or in solution with 10 /ig of either of the above phenolics through 
the centre of a marked circle on the surface of the fruit and approximately 1 cm into the 
flesh beyond. Residues of 2,4,6-TCA found in the flesh core and associated skin after 
incubation at room temperature for 24 hours are shown in Table 62, together with 
residues found in homogenised flesh from the related test in which 50 g aliquots were 
fortified with 1 /xg of 2,4,6-TCP either alone or with 100 /xg of catechol, caffeic acid or 
quercetin. Within the limits of experimental error, the results from both experiment 
indicated no measurable degree of inhibition of O-methylation of 2,4,6-TCP by any of the 
phenolics tested.
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Table 62: O-methvlation of 2.4.6-TCP in apples with added residues of catechol, caffeic acid. 
quercetin or cvcloheximide
Combination of 2,4,6-TCA residue level, duplicate samples
phenols Whole fruit Homog. flesh
(total {jLg) (f*g/kg)
2,4,6-TCP 0.11 6.4
only 0.20 7,6
2,4,6-TCP 0.09 6.6
+ 0.12 7,6
catechol
2,4,6-TCP 0.16 8.0
+ 0.33 6.8
caffeic acid
2,4,6-TCP 0.14 Not tested
4- 0.21
quercetin
2,4,6-TCP Not 8.0
+ tested 7.6
cycloheximide
3.10.1 Comparative enzvme kinetics
A comparison of O-methylation kinetics in apples was made by studying the rate of 
anisole formation at differing concentrations of selected chlorophenols and catechol. To 
minimise sample matrix variations, all experiments were performed using the 
homogenised flesh of surface sterilised and peeled apples (c.v. Cox’s Orange Pippin). 
Initially, anisole formation was measured at intervals during a 24 hour period at room 
temperature using sample aliquots (50 g) fortified with 10 fig of either 2,4-DCP, 2,6- 
DCP, 2,4,6-TCP or catechol. The results for the chlorophenols (Table 63) showed that 
the rates of formation varied linearly with time, as confirmed by linear regression analysis 
(Figure 78), and thus the determination of anisole concentrations after 24 hours could be 
used to represent the initial rate of reaction in subsequent experiments. This offered a 
greater possibility of working with measurable product residues, and accordingly greater 
accuracy and precision, from relatively low substrate concentrations. In the case of 
catechol, however, apparent residues of guaiacol, measured after acétylation to 2- 
methoxyphenyl acetate, were similarly small at all of the time intervals tested, and in
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Table 63: Comparative rates of anisole formation in homogenised apple over 24 hours.
Incubation 
time (h)
Anisole residue level (/xg/kg)
2,4-DCA 2,6-DCA 2,4,6-TCA Guaiacol
Control N.D." N.D. N.D. 1.0
0 0.62 3.4 3.4 3.7
5 0.82 8.2 9.6 1.6
8 3.8 15 13 1.7
18 4.6 37 - 0.95
24 5.6 47 38 0.47
* No detectable residue
most samples were indistinguishable from the control sample background. The slightly 
higher apparent residues seen at time 0 were deemed also to be due to natural variation in 
this background level, as there was clearly no indication of increasing O-methylation of 
catechol with time. In view of these findings, catechol was not included in any further 
experiments, although before making this decision, an attempt was made to re-examine 
the extracts for residues of 2-methoxyanisole, to investigate the possibility that both of the 
catechol hydroxyl groups may have been O-methylated. Re-injection under similar GC 
conditions with a SIM group of m/z 138 and 95, selected as the base peaks from the 
NIST/EPA/MSDC (U.S. Dept, of Commerce, 1988) library mass spectrum of 2- 
methoxyanisole, failed to distinguish any differences between the control and fortified 
extracts.
Using the 24 hour incubation period, fortification of homogenised apple flesh with 2,4- 
DCP, 2,6-DCP or 2,4,6-TCP in amounts varying between 1 and 10 fig (20 to 200 /xg/kg) 
failed to show increasing rates of anisole formation beyond the 5 fig (100 /xg/kg) 
fortification level, suggesting that the enzyme system had been working at its maximum 
velocity (Price and Stevens, 1982). Much lower fortification levels of 0.5 fig or less were 
therefore ultimately selected for studying the relative enzyme kinetics in more detail using 
2-CP, 2,4-DCP, 2,6-DCP and 2,4,6-TCP as substrates. Independent fortifications and 
incubations were simultaneously conducted under identical conditions for each of these
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Figure 78l Linear regression analvsis of chlorinated anisole formation in homogenised anple.
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substrates using aliquots of the same apple flesh homogenate. To ensure efficient 
distribution and mixing during fortification, the prescribed amounts of each phenol were 
dispensed in 5 ml volumes of 10% ethanol in water. The chloroanisole residues produced 
are listed in Table 64. Transforming these data by taking reciprocals of substrate 
concentrations and product formation rates enabled construction of a Lineweaver-Burk 
plot (Figure 79), as previously discussed in section 3.7.2.4.
Given the nature of the experimental procedure, and the requirement to measure anisole 
residues in the region of only 0.2 ^g/kg in some of the extracts, reasonable linearity was 
observed for each substrate, confirming that an enzyme mechanism is implicated in the O- 
methylation process, operating in accordance with the Michaelis-Menten model, which 
accounts for the kinetic properties of many enzymes (Stryer, 1981). Within the limits of 
experimental error, the intercepts on the y-axis of the Lineweaver-Burk plot, 
representative of l/V^ax, where is the maximum rate of product formation for a 
given enzyme concentration, were essentially the same for each substrate, suggesting that 
the same enzyme was active in each case. Furthermore, the relative ’apparent’ values 
obtained from this evaluation (Table 65), representing the substrate concentrations at 
which the reaction rate was half of its maximal value, indicated significantly faster initial 
reaction rates with 2,6-DCP and 2,4,6-TCP than with 2,4-DCP and 2-CP.
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Table 64: Q-methvlation of varying concentrations of chlorophenols in homogenised apple flesh
Substrate Substrate concentration 
(c fig/kg)
Anisole residue 
(v Mg/kg)
2-CP
2.86 0.12*
3.32 0.09
4.00 0.13
5.00 0.14
6.60 0.20
10.0 0.26
2,4-DCP
2.86 -
3.32 0.14
4.00 0.19
5.00 0.19
6.60 0.27
10.0 0.26*
2,6-DCP
2.86 0.77
3.32 0.69
4.00 0.91
5.00 1.1
6.60 1.4
10.0 1.9
2,4,6-TCP
2.86 0.80
3.32 1.0
4.00 1.1
5.00 1.3
6.60 1.7
10.0 2.1
* Omitted as an outlier from Lineweaver-Burke analysis.
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Figure 79: Lineweaver-Burk analvsis of comparative O-methvlation in homogenised apple.
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Table 65: Estimated apparent K„ values for O-methvlation in homogenised apple.
Substrate Apparent value
fig/kg Moles/g
2-CP 130 1.0 X  10-"
2,4-DCP 90.9 5.6 X 10-10
2,6-DCP 18.2 1 . 1  X  1 0 - ‘ o
2,4,6-TCP 13.5 6 . 8  X  1 0 - “
The apparent value of 6.8 x 10 “ moles/g for 2,4,6-TCP was significantly smaller 
than the previously determined value of 3.6 x 10"^  moles/g in the earlier experiment with 
homogenised Bramley apples (section 3.7.2.4). Whilst it is recognised that there are 
undoubtedly limitations in the experimental methods used in this thesis to determine 
estimates of apparent values from relatively few data, it is probable that the 
concentration of available enzyme was effectively higher under the conditions of the later 
experiment, tliis being governed not only by the difference in variety, but also by the 
prevailing experimental circumstances such as tlie relative concentrations of competitive 
endogenous substrates which will differ in each prepared homogenate. Under identical 
experimental conditions, however, such as those maintained in the last experiment, it is 
possible to derive a meaningful representation of relative substrate affinities.
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4 GENERAL DISCUSSION AND CONCLUSIONS 
4.1 Taints arising from the use of prochloraz
4.1.1 Implication of 2.4.6-TCA
Occasional taints identified in fruit crops treated with the fungicide prochloraz have 
been frequently described as 'musty', which is the term most consistently used to 
describe the flavour characteristics of the chlorinated anisoles, and in particular, 2,4,6- 
TCA and 2,3,4,6-TECA (Griffiths, 1974), both of which have exceptionally low 
sensory detection thresholds. Off-flavour problems due to these anisoles have
invariably been attributed to microbial O-methylation of the corresponding
chlorophenols, chemicals which have become ubiquitous in the environment through a 
range of industrial processes including wood preservation, the bleaching of pulp in the 
paper industry and the chlorination of water supplies, as discussed in section 1.4.2. 
Given these factors, and the structural association of 2,4,6-TCP with the prochloraz 
molecule, sensitive analytical methodology for the determination of sub-ppb (/xg/kg) 
residues of 2,4,6-TCP and 2,4,6-TCA was devised and used as the basis of 
investigation into the cause of taint in fruit crops receiving fungicidal treatments with 
prochloraz.
Residue analysis of grapes treated with “ C-radiolabelled prochloraz incorporated into a 
40% emulsifiable concentrate (EC) formulation confirmed the presence of 2,4,6-TCA 
at a level of only 5.5 /xg/kg. Most importantly, by working under GC conditions
which employed simultaneous mass spectrometric (ITD) and radio-detection, the
anisole residue was shown to have retained the radiolabel and had thus been derived 
from the prochloraz molecule. More extensive analysis of the most significant 
components of the total residue remaining in the grapes at harvest, including prochloraz 
itself and the major plant metabolites BTS 44595 and BTS 44596, confirmed that in 
relative terms, 2,4,6-TCA was a very minor product, accounting for only 0.002% of 
the total extracted and quantified residue.
The implication of 2,4,6-TCA residues in tainted fruit crops was further substantiated
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by the analysis of samples received from field trials conducted with prochloraz under 
commercially realistic conditions. The most critical aspect of this work was the need 
to demonstrate a clear difference between treated samples and control samples to which 
no prochloraz had been applied. Without exception, this was successfully achieved, as 
no detectable residues of 2,4,6-TCA were found in any of the control samples 
analysed, compared to measurable levels reaching 8 /ig/kg (though usually between 
0.01 and 1 /xg/kg) in the edible sub-parts of the treated commodities. Control residues 
of 2,4,6-TCP, although very low compared to corresponding residues in the 
prochloraz-treated samples, were generally measurable at sub-ppb levels, possibly 
reflecting the true ubiquity of this compound (Crosby, 1981).
The conclusion drawn from the above findings was that musty taints arising from the 
use of prochloraz are due to the formation of trace residues of 2,4,6-TCA, significant 
at levels of less than 1 /xg/kg, formed from 2,4,6-TCP as the probable pre-cursor. On 
this basis, further understanding of the underlying mechanism and its wider 
implications was sought. In this respect, the performance of the analytical method for 
the determination of 2,4,6-TCA and 2,4,6-TCP, in terms of sensitivity and 
reproducibility, was of the utmost importance for studying this minor reaction in-vivo 
in closer detail.
4.1.2 Correlation of taint with residues
Analyses were conducted on a range of fruit types from which duplicate samples had 
been taint tested at the CFDRA. Some of these contained clearly identified, and 
statistically significant, musty taints, some were free of taint and some of the data were 
more equivocal. In general, however, measured residues of 2,4,6-TCA Showed a good 
correlation with the taint findings, and on this basis it is possible to propose estimated 
flavour threshold values, in terms of flavour, for 2,4,6-TCA in some of the fruit types 
tested. Flavour threshold values are more relevant to foodstuffs than odour thresholds, 
as during eating, the actual food consumption can affect the chloroanisole concentration 
in the vapour phase (Frijters and Bemelmans, 1977). The proposed thresholds are 
represented in Figure 80, which also includes published values for water and dried fruit 
(Whitfield et al., 1987) for comparative purposes. In the earlier studies conducted by
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Whitfield et al., the flavour threshold concentrations were determined by fortification 
of the various matrices with known concentrations of the anisole at successively lower 
levels, using a panel of tasters to determine the concentrations at which flavour 
detection became statistically significant. The current proposals, although not 
determined by such a controlled methodical approach, are nevertheless consistent with 
the limited data on dried sultanas, and show a similar order of magnitude, providing 
further evidence that 2,4,6-TCA is a potent source of musty taints in matrices which 
have relatively low lipid content and are devoid of strong flavour characteristics 
themselves. The slightly higher proposed threshold values for papayas and lychees 
may reflect the unfamiliarity of the tasting panel with the natural flavours of the more 
exotic fruit types.
An additional point worth noting is that three of the descriptions of the taint identified 
in bananas receiving simulated commercial post-harvest treatment with the 40EC 
formulation of prochloraz referred to the term ’disinfectant’, which is characteristic of 
the chlorinated phenols (Goldenburg and Matheson, 1975). In this sample, the mean 
corresponding residue level of 1.5 ^g/kg for 2,4,6-TCP may be indicative of the 
flavour threshold for this compound, particularly as no similar descriptions were 
reported at mean residue level of 0.5 /Ag/kg in an associated sample. Compared to the 
flavour threshold of only 0.05 ^g/kg estimated for 2,4,6-TCA in the same matrix, this 
reflects the relative flavour detection characteristics of the chlorophenols and 
chloroanisoles referred to in section 1.4.2.
Extensive fortification tests with 2,4,6-TCP in various fruit types, specifically apples, 
citrus and bananas, have shown very clearly that rapid 0-methylation to 2,4,6-TCA is 
effected within the fruit itself, even under sterile conditions. The nature of this minor 
conjugation (Iwan, 1976) reaction, which has not previously been reported in plants, is 
fully discussed in section 4.2.1, but is obviously of direct relevance to the formation of 
chlorinated anisole taints in fruit due to the requirement for the corresponding phenol 
as the precursor. This is important in the case of prochloraz with respect to the 
formation of 2,4,6-TCP, highlighted by the fact that in all cases where measurable 
residues of 2,4,6-TCA were found in prochloraz-treated samples, corresponding phenol 
residues were also present, usually at higher concentration levels. The data
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Figure 80: Proposed flavour threshold values for 2.4.6-TCA in selected fruits
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summarised in Figure 81 illustrate that, within the limits of natural variation, a good 
correlation was observed between residues of the two compounds in various field- 
treated fruit which contained detectable residues of 2,4,6-TCA, and emphasise the 
potential taint significance of 2,4,6-TCP residue concentrations in the order of only 1 
Atg/kg.
4.1.3 Pre-harvest treatment
A plant metabolism study on apples has shown that 2,4,6-TCP accounts for 
approximately 10% of the total extractable residue in the harvested fruit (Kelly, 
1982(a)), being produced via the major plant metabolites BTS 44595 and BTS 44596. 
In the pre-harvest situation, therefore, the formation of 2,4,6-TCP by metabolism 
provides the pre-cursor for O-methylation to 2,4,6-TCA. Given that prochloraz itself 
does not freely translocate, it is probable that the major metabolic breakdown leading 
to 2,4,6-TCP occurs in the fruit itself, although it is conceivable that 2,4,6-TCP 
formed in other parts of the foliar-treated plant may be more amenable to translocation 
into the fruit. The study with ^'^C-radiolabelled prochloraz on grapes confirmed the 
formation of 2,4,6-TCP by metabolism to account for approximately 3% of the total 
prochloraz-derived residue in the harvested fruit. The corresponding anisole residue, at 
only 0.002%, was also for the first time unequivocally identified by a coincident 
radioactive GC peak in combination with a characteristic mass spectrum. This 
approach, however, additionally indicated the presence of two additional metabolites, 
BTS 3037 and BTS 48156, hitherto unreported. At estimated concentrations of only 10 
/xg/kg, equivalent to less than 0.005% of the total grape residue, these two compounds 
were truly very minor metabolic products. Nevertheless, it is conceivable from their 
chemical structures that they may have occurred as intermediates in the formation of
2,4,6-TCP according to the tentative pathway in Figure 82.
By analogy with the phenoxyethyl ester herbicide sesone, which, in a review of 
alkanoic acid herbicides by Loos (1975), has been shown to undergo oxidation to the 
corresponding acid in soil by presumed microbiological activity, oxidation of BTS 3037 
could produce 2,4,6-trichlorophenoxyacetic acid. The established plant metabolism of 
the analogous 2,4-dichlorophenoxy acetic acid would then suggest degradation of the
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Figure 81: Correlation of 2.4.6-TCP and 2.4.6-TCA residues in various fruit types
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Fig^ure 82: Tentative pathway for the formation of 2.4.6-TCP via the minor metabolites BTS 
48156 and BTS 3037.
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side chain to form 2,4,6-TCP as the metabolic end-point. Interestingly, the mechanism 
for this degradation has not been fully established, and although in some species both 
carbons are known to be released at equal rates by cleavage at the ether linkage (Loos, 
1975), it has been speculated from early work on redcurrant leaves (Luckwill and 
Lloyd-Jones, 1960(a,b)) that 2,4-dichloroanisole may have been produced as an 
intermediate from decarboxylation of the acid, although this could not be substantiated. 
The phenol would then have been formed by O-dealkylation, a reaction known to occur 
in plants as in the déméthylation of the fungicide chloroneb (Figure 83) in beans 
(Thorn, 1973), and 0-deethylation of the insecticide etrimphos (Figure 83) in corn and 
beans following initial oxidation (Akram et al., 1978). In the former example 
(chloroneb), the 2,5-dichloromethoxyphenol metabolite becomes conjugated with 
glucose, which is the more common detoxification mechanism of phenols by plants.
Figure 83: Examples of O-demethvlation of pesticides in plants.
C hloroneb
P C ,H2^5
E trim phos
PC,H2"S
2^5
H
OH
N
2^5
By closer analogy with prochloraz, the EBI fungicide triadimefon forms 4-chlorophenol 
in barley (Rouchaud et al., 1981). This phenol, which occurs mostly in conjugated 
form, has been postulated by Vonk (1983) as the product of enzymic hydrolysis of the 
ether linkage. A similar mechanism was also proposed by Vonk for the related 
fungicide imazalil, with possible hydrolysis of the ether bond occurring in cucumber 
plants following leaf treatment. More recently, however, Hathway (1989) has
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considered hydrolytic fission of the alkyl-aryl ether linkage in 2,4- 
dichlorophenoxyacetic acid to be unlikely to occur in vivo, proposing instead a 
relatively slow rate of oxidative O-dealkylation with simultaneous release of carbon 
dioxide from both side-chain carbon atoms by incorporation of the two-carbon fragment 
into the Krebs citric acid cycle. Either mechanism would tend to preclude O- 
demethylation of 2,4,6-TCA as an interim step in the formation of 2,4,6-TCP from 
prochloraz.
In all of the above examples involving the formation of chlorinated phenol plant 
metabolites, the phenols and/or their glucosyl conjugates represented the terminal 
products of metabolism, with no reports of anisoles derived by subsequent O- 
methylation. In this respect a study of the metabolism of the fungicide pentachloronitro 
benzene, PCNB, in onions is of interest in that Begum et al. (1979) reported 
pentachloroanisole (PCA) and the corresponding pentachloropheno 1 (PCP) as 
conversion products in the root-peel extract (Figure 84). These were not identified in 
shoot extracts, however, and as PCNB was soil-applied, the possibility of PCA 
formation by soil microorganisms (McCall et al., 1981) must be considered. Indeed, in 
a follow-up study by Lamoureux and Rusness (1980), concerned with the in-vitro 
characterisation of enzyme activities in onions, PCA was not observed, although some 
methyItransferase activity was identified when the extracted enzyme complex was 
incubated with pentachlorothiophenol in the presence of added SAM as a methyl donor. 
This produced pentachlorothioanisole, another metabolite identified in the original study 
(Figure 84), by S-methylation. No O-methylation activity was observed, however, 
when the thiophenol was substituted by PCP as the substrate.
4.1.4 Post-harvest treatment
In terms of the plant metabolism of prochloraz, simulated commercial post-harvest 
treatment of apple, citrus and banana samples indicated that less than 0.5% of the total 
prochloraz residue had penetrated into the flesh of the fruit ( apples and citrus only) 
after 4 to 6 days, with no detectable amounts of the major plant metabolites, BTS 
44595 and BTS 44596, having been formed. As discussed earlier, the formation of
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Figure 84: Postulated metabolites arising from soil-applied PCNB in onions.
PCNB
S C H 3
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2,4,6-TCP by plant metabolism proceeds via these intermediates, and it is therefore 
most likely that any significant amounts of 2,4,6-TCP produced in the post-harvest 
situation would arise primarily as an impurity in the chemical treatment and/or by non- 
biological degradative processes.
Using primarily HPLC with diode array detection, studies were undertaken to examine 
the breakdown of prochloraz by photodegradation and hydrolysis, both of which are 
important not only in terms of the environmental fate of the compound, but also as 
processes which may contribute to degradation during the storage and commercial
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processing of treated food commodities. The most significant finding from this work 
was that prochloraz may be completely hydrolysed through to 2,4,6-TCP at neutral pH, 
with a prochloraz half-life of 6.6 hours at 100°C. Formation of the phenol had not 
been reported in previous studies (Haran, 1980(b)), which had stated that BTS 40348 
was the major product of hydrolysis with imidazole speculated, but not confirmed, as 
the co-product. The latter was, however, identified during the course of the current 
studies, and an overall pathway representing photodegradation and hydrolysis is shown 
in Figure 85. At pH 4, using GC/MSD to determine trace levels of 2,4,6-TCP, the 
stability of prochloraz with respect to phenol formation was much greater, with an 
estimated half-life of 1330 days at 100°C. As exposure to sunlight is also unlikely to 
produce residues of 2,4,6-TCP from prochloraz, one may conclude that careful control 
of pH conditions should help to minimise formation of the phenol as an available 
precursor for 2,4,6-TCA. During the course of the thesis, it was observed that post­
harvest dip solutions prepaied at representative application rates using the commercial 
40 %EC formulation had a pH of 7, and thus it is to be recommended that such 
solutions are freshly prepared each time a batch of fruit is treated.
The significance of the 2,4,6-TCP impurity level in the 40% EC formulation of 
prochloraz used commercially for the post-harvest treatment of fruit was specifically 
evaluated under simulated commercial conditions involving a direct comparison with a 
purified form of a similar formulation from which most of the 2,4,6-TCP had been 
removed by solvent partition. Tests conducted with apples, citrus and bananas all 
clearly demonstrated that the levels of 2,4,6-TCA produced after 4 to 6 days’ 
incubation were directly related to the phenol impurity concentrations in the two 
products. Furthermore, a repeat test on bananas from which duplicate fruit were taint 
tested after four days’ storage at room temperature gave a very clear adverse taint 
result with the commercial formulation which had contained 1.2% 2,4,6-TCP with 
respect to prochloraz. Several tasters had reported a musty taint, resulting in a 
statistically significant difference between the treated sample and a corresponding 
untreated control. The purified formulation, containing only 0.015% 2,4,6-TCP, was 
found to be similar in character to the control sample when taint tested. These results 
thus confirmed that the risk of taint in post-harvest situations is strongly, but not 
exclusively, associated with the phenol impurity level in the product applied.
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Figure 85: Photodegradation and hvdrolvsis of prochloraz
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Early comparative field trials involving a group of chemical analogues of prochloraz 
applied to blackcurrants and gooseberries, discussed in section 1.3.5, had produced an 
unexpected result from associated taint tests in that the chemical FBC 35807, a close 
analogue of the EBI ftmgicide propiconazole, with which no taints have been reported, 
gave rise to musty taints characteristic of chlorinated anisoles. Analysis of the relevant 
technical grade material of FBC 35807 revealed the presence of 2,4-DCP at a level of 
0.05% which, under the exaggerated multiple spray regime used in the trials with the 
aim of highlighting taint potential, could well have been significant as the preursor to 
the formation of 2,4-DCA at concentrations capable of causing musty taints, despite the 
fact that the reported sensory detection threshold for this anisole is relatively high when 
compared to that for 2,4,6-TCA (Griffiths, 1974).
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4.2 O-methvlation of chlorophenols in fruit
4.2.1 Nature of reaction
The results of extensive experiments involving the fortification of fruit samples with
2.4.6-TCP have indictated conclusively that certain fruit types are capable of producing
2.4.6-TCA by an enzyme-catalysed O-methylation procedure. Reactions of this type 
are well-known as a detoxification mechanism in many microorganisms (Allard et al., 
1987), but have seemingly never been reported for chlorophenolic xenobloties in 
plants, for which the primary route of detoxification is by O-glucosylation 
(Shimabukuro, 1982; Harborne, 1988). The in-vivo O-methylation of chlorophenols in 
plants obviously involves the combination of the xenobiotic with an endogenous 
substrate to form a new compound of higher molecular weight, and as such may be 
classified as a conjugation reaction (Dorough, 1976), In forming a less hydrophilic 
product, however, the process contradicts the usual purpose of conjugation for 
producing derivatives which are more readily eliminated by biological organisms.
Specifically, the O-methylation of 2,4,6-TCP, which in quantitative terms forms only a 
minor part in the plant metabolism of the prochloraz molecule, occurred very readily 
when the phenol itself was applied directly to the skin or flesh of apples, the primary 
model chosen for these experiments; product formation rates were comparable under 
both sterile and non-sterile conditions, precluding microbiological implications in the 
reaction. These findings confirmed the existence of an active 0-methyItransferase 
within the fruit itself which was capable of O-methylating 2,4,6-TCP and, as 
confirmed by subsequent experiments, other chlorophenols containing a chlorine 
substituent in the ortho- position. Whilst the 0-methyltransferases of plants have been 
reported as differing greatly in number and physicochemical properties (Legrand et al., 
1978), reported differences in specificity have related only to naturally-occurring o- 
diphenolic substrates (Poulton, 1981). The same appears to be true of animal systems 
(Guldberg and Marsden, 1975), the O-methylation of xenobiotic phenols having been 
associated primarily with microorganisms as discussed above. In keeping with the 
latter, O-methylation activity in apples appears to be constitutive as it was found to be 
unaffected by cycloheximide, a known inhibitor of protein synthesis (Rhodes et al..
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1976).
The presumed methyl source for the O-methylation of chlorinated phenols in fruit was 
S-adenosylmethionine (SAM), the predominant, if not the sole methyl donor in all 
biochemical methyl transfer reactions apart from those resulting in the biosynthesis of 
methionine (Cantoni, 1977). In higher plants, this role has been confirmed by many 
studies which, according to Mazelis (1980), have tended to dominate investigations 
concerning the metabolic fate of methionine.
4.2.2 Variation between fruit tvpes
Having established the existence of an active 0-methyItransferase effecting the O- 
methylation of 2,4,6-TCP in apples, further tests conducted within the scope of this 
thesis indicated that the activity was related to fruit type and, as in the case of citrus 
fruit (oranges), occasionally to a sub-part of the fruit itself. A general summary in 
relation to the fruit types tested is given in Table 66, with a quantitative representation 
in Figure 86.
Table 66: Variation of O-methylation with sample tvne
Sample types effecting 
O-methylation of 2,4,6-TCP
Sample types showing negligible 
O-methylation
Apple flesh Citrus flesh
Apple skin Avocado flesh
Banana flesh Tomato (whole)
Banana skin
Citrus skin
The plant growth hormone ethylene is produced essentially in all parts of higher plants 
including leaves, stems, roots, flowers, fruits, tubers and seedlings (Burg, 1962). As 
methionine, and consequently SAM, is probably the only precursor of ethylene in 
plants (Yang and Adams, 1980), it may be concluded that SAM was potentially 
available as a methyl donor in all of the fruit tested. In addition, with the possible
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Figure 86: Degree of O-methvlation of 2.4.6-TCP in different fruit tvpes.
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exception of citrus, all of the fruit were ’climacteric’ in that they produce increased 
amounts of ethylene during ripening (Rhodes, 1970). Citrus fruit also produce 
increased ethylene during ripening, but are not classified as climacteric as they do not 
show an inflection point for carbon dioxide output during respiration at the climacteric 
stage. This would tend to suggest that the differences observed between sample types 
were due primarily to the availability of an appropriate O-methyItransferase and not the 
need for a methyl source.
As discussed in section 1.5.3, O-methylation is an important reaction in the 
biosynthesis of plant phenolics, particularly as part of phenylpropanoid metabolism. 
Differences between fruit types in this respect may assist the classification of the 
observed enzymic activities. Chlorogenic acid (Figure 87), for example, is the most 
important cinnamic acid derivative found in fruits and occurs in large enough quantities 
in apples to enable its isolation and characterisation (Van Buren, 1979). Interestingly, 
work with apple fruit cell suspension cultures by Macheix and Ibrahim (1984) showed 
an increase in feruloylquinic acid (Figure 87) during culture growth, with a 
concomitant decrease in chlorogenic acid content, suggesting O-methylation of the 
latter. Related O-methylation activities were also demonstrated for 5-hydroxyferulic 
acid, caffeic acid and quercetin with differing degrees of reactivity. As with most fruit 
phenolics, cinnamic acid derivatives are found at their highest concentrations in the 
skin and peel, which may bear some relation to the occurrences of 2,4,6-TCP O- 
methylation recorded in Table 66 for apple, citrus and banana skin. Furthermore, it 
has been reported (Harborne, 1989) that the hydroxy cinnamic acids found in plant 
surface waxes are often 0-methylated, which may be relevant to the findings from the 
FTIR/ATR experiments which confirmed active O-methylation on the surface of 
apples. In contrast to apples, citrus and bananas, the skin of avocados was not 
specifically tested, and tomatoes were prepared as homogenised whole fruit, the skin of 
which is a relatively minor component with the main body of the fruit consisting of the 
placenta (Esau, 1965).
Of the higher plant phenolics, the anthocyanins (water-soluble glycosides of 
anthocyanadins (Figure 88)), which are important as plant pigments (Harborne, 1967; 
Strack and Wray, 1989), have been reported in the flesh of some apples as well as in
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Figure 87: The O-methvlation of chlorogenic acid
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the skin (Van Buren, 1979), and could perhaps be speculated as indicators of O- 
methylation activity. In a review by Poulton (1981), however, dealing with O- 
methylation during phenylpropanoid metabolism in lignin formation, it was concluded 
that the méthoxylation pattern of lignins is determined at the level of hydroxycinnamate 
monomers, which suggests that active 0-methy Itransferase systems would be most 
likely to be found in relation to the simpler cinnamic acid derivatives referred to above. 
Conversely, however, a recent study by Bucelli et al. (1992), concerning the 
development and characterisation of anthocyanins in maturing grapes, indicated that 
cyanidin was converted to malvidin (Figure 89) by enzymic hydroxylation and O- 
methylation. A more meaningful correlation between 2,4,6-TCP O-methylation activity 
and fruit type is therefore only likely to be achieved through further extensive study of 
the reaction across a range of sample types.
Within the scope of this thesis, focussing on fruit with associated taint evaluation data, 
it appeared that the relevant 0-methyltransferase in apples was active both in 
developing fruit still on the tree and in mature fruit which had been harvested; there 
was also a slight indication in citrus {citrus mitis) that the activity seen in the skin, 
whilst relatively low in comparison with apples, was greater in unripe, green fruit.
-229-
Figure 88: Basic structure of the anthocvanidin flawlium cation present in anthocvanidins.
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Figure 89: Hvdroxvlation and O-methvlation of cvanidin in grapes.
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What is clear, however, is that the analytical method developed for the determination 
of 2,4,6-TCA and 2,4,6-TCP forms the basis for further study by providing a 
straightforward test system for the detection of O-methylation activity in any given 
sample fortified with 2,4,6-TCP.
4.2.3 Significance in taint formation
The fruit types studied during the thesis belonged to crop groups which had either:
(i) confirmed associations with musty taints (apples, bananas, 
grapes).
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(i) been consistently free from taint (avocados), or
(iii) given equivocal findings (citrus, tomatoes).
Evaluation of the potential for O-methylation of 2,4,6-TCP in these fruit was generally 
restricted to treatment situations in which 2,4,6-TCP might come into contact with the 
fruit itself, and did not directly relate to foliar treatment of whole plants, or to 
treatments in which the chemical is soil applied. Nevertheless, in combination with 
knowledge derived from associated investigations concerning prochloraz degradation, 
metabolism, purity and penetration, the data generated from these experiments led to an 
improved understanding of the cause of taint under varying circumstances.
In apples, significant taints have been reported following both pre- and post-harvest 
treatment with prochloraz (Whiteoak, 1988), which is consistent with the conclusive 
findings that these fruit readily produce 2,4,6-TCA by O-methylation of 2,4,6-TCP in 
both developing and mature fruit. Extensive tests showed that the anisole is produced 
in both the skin and the flesh of the fruit, and that both the phenol and the anisole 
penetrate into the fruit from the surface within a few hours, although this is 
significantly more pronounced for the anisole. When whole fruit were injected with 
10 jug of 2,4,6-TCP, a conversion level of 69% to the anisole was observed within 24 
hours which, although it may not realistically reflect commercial situations, does give a 
good indication of the inherent potential of apples for significant anisole production 
within a very short time frame. In the post-harvest situation, the concentration of
2,4,6-TCP available as a precursor is effectively fixed by the impurity level in the 
applied prochloraz, assuming a negligible contribution from metabolic processes under 
these conditions. The likelihood of incurring a taint at the time of consumption would 
then depend upon the rate of loss of 2,4,6-TCA from the fruit, characterised by a half- 
life of 127 hours at approximately 20°C, as the rate of anisole formation would be 
relatively fast. In commercial practice, storage conditions involve lower temperatures 
of around 2-6°C for extended periods (Cano et al., 1989), under which the rate of 
dissipation of 2,4,6-TCA, by volatilisation or by further metabolism, could be expected 
to be much slower.
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Treatment of apples during the growing season would present a different situation in 
that the major source of 2,4,6-TCP would be via plant metabolism (Kelly, 1982(a)), 
Once again, with minimal translocation of residues from the fruit surface, the 
likelihood is that most of the activity would take place in the skin, with penetration of 
both 2,4,6-TCP and derived 2,4,6-TCA into the flesh. With ongoing metabolism 
during growth of the fruit, a taint at the time of eventual consumption, which would 
require only a very small residue in the region of 0.1 jag/kg to be present, would 
depend upon the rate of formation of 2,4,6-TCA being greater than the rate of loss. In 
practice, O-methylation with SAM as the methyl source is inhibited by s- 
adenosyIhomocysteine(SAH), produced from SAM during the reaction, as discussed in 
section 1.5.1. As both SAM and SAH are part of the activated methyl cycle, however, 
it is to be expected that an equilibrium would be reached as methionine synthesis, and 
hence further production of SAM, proceeds via the cycle. In this respect, a study of the 
effects of exogeneous ethylene upon discs taken from sour apricots (Sawamura and 
Miyazaki, 1989) showed that the concentration of SAM remained at a steady-state.
Taints in bananas, as with apples, have arisen from both pre- and post-harvest 
treatments with prochloraz, and in common with apples, bananas readily 0-methy late
2,4,6-TCP in both flesh and skin. The above discussions in relation to apples would 
therefore appear to be relevant also to bananas. In past taint test reviews, it has been 
suggested that post-harvest taints in bananas have tended to be more pronounced in 
underripe fruit treated prior to export, as opposed to ripe fruit treated and consumed 
locally. A simple explanation for this may be that the thicker skin on bananas delays 
penetration of 2,4,6-TCP (as an impurity in the formulation applied) and derived 2,4,6- 
TCA into the edible flesh. The longer time interval before consumption in the case of 
the exported samples would facilitate the accumulation of more significant residues.
Citrus fruit have generally tended to be free of taint, apart from a few instances in 
foliar-treated minneola oranges, duplicate samples of which were analysed during the 
thesis (section 3.6.1). Unlike apples and bananas, citrus flesh failed to demonstrate a 
capacity for O-methylation, although the reaction proceeded to some degree in the skin. 
Furthermore, simulated commercial post-harvest conditions failed to produce any 
detectable anisole residues in the edible flesh of mandarin oranges, suggesting that
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penetration of 2,4,6-TCA was very slow, possibly due to the oily nature of citrus peel 
(Esau, 1965). In the tainted samples of foliar-treated minneola oranges (section 3.6.1), 
skin residues were significantly higher (up to 27 fig/kg) than were found in the post- 
harvest fortification experiments, perhaps indicating a greater affinity for O-methylation 
in immature fruit, as suggested to some extent by the results of the foliar fortification 
experiment with citrus mitis, discussed in section 4.2.2 above, in which there appeared 
to be a greater formation of 2,4,6-TCA in green fruit compared to ripe fruit. Higher 
skin residues would increase the chances of 2,4,6-TCA penetration into the edible flesh 
which, given the very low estimated flavour detection threshold in citrus fruit (section 
4.1.2) , would only need to occur to a minor degree even though in general terms,
2,4,6-TCA may show a preference for retention in the peel.
A further consideration concerning the formation of higher citrus skin 2,4,6-TCA 
residues during the growing season is the possibility of microbial O-methylation. 
Various microorganisms, including the spores of many fungi, contaminate the surface 
of fruits during the growing season, although relatively few fungi are capable of 
attacking the fruit before harvest (Banwart, 1989). In particular, pénicillium sp. are 
important spoilage organisms in most fruit, and were one of the  ^species tentatively 
identified on untreated apples in the experiments testing O-methylation in sterilised fruit 
(section 3.7.2.5). Furthermore, this species has been associated with the formation of 
chlorinated anisole off-flavours arising from contaminated chicken litter, discussed in 
section 1.5.2, as indeed has aspergillus sp., also tentatively identified on apples. 
Given, however, that comparable levels of O-methylation were determined in skin discs 
from both sterile and non-sterile oranges, the indications are that under normal 
circumstances, the contribution to O-methylation from the fruit itself is more 
significant, more especially as fungicides such as prochloraz are designed to minimise 
microbial spoilage.
Equivocal taint data have also been associated with tomatoes, in that occasional, often 
non-statistically significant, taints have been found in fruit receiving soil-applied 
treatments. As already discussed in section 3.6.3, the possibility exists in this scenario 
of microbial méthylation of 2,4,6-TCP in the soil and subsequent uptake of 2,4,6-TCA 
into the plant, as has been reported for rice plants grown in soil treated with ‘“^C-
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pentachlorophenol (Weiss et al., 1982(b)). This is supported by the fact that 
homogenised tomato fruit demonstrated negligible capacity for O-methylation compared 
to the other fruit tested, and additionally by the work of Fragiadakis et al. (1981), 
which showed that tomatoes grown hydroponically in a medium containing 
pentachlorophenol did not contain any residues of the corresponding anisole, suggesting 
that in the absence of the soil microflora, the phenol was not O-methylated by the 
plant.
The final point worth noting in relation to taints in different types of fruit is that 
avocado flesh showed no detectable capacity for O-methylation of 2,4,6-TCP, 
correlating to the absence of taint in this fruit under post-harvest conditions. As yet, 
however, the potential for O-methylation in the skin has not been investigated, and 
neither has the taint potential in pre-harvest treated fruit.
In a broader context, the established capacity for certain types of fruit to be able to O- 
methylate xenobiotic chlorinated phenols may have wider implications within the food 
industry in general, under circumstances unrelated to the use of prochloraz. For 
example, chlorinated anisole taints have been reported in sultanas (Whitfield et al., 
1991(c)) as a result of O-methylation of 2,4,6-TCP and 2,3,4,6-TECA in packaging 
materials under conditions which favour microbial growth, resulting in the 
recommendation that such storage environments should be avoided if the risk of taint 
from low levels of chlorophenols is to be avoided. In the light of the findings from 
this thesis, however, it may well be that more attention should in future be paid to 
avoiding contact of foodstuffs, particularly fruits, with the phenols themselves, in the 
event that O-methylation may result directly.
4.3 Characterisation of O-methvlation in apples
4.3.1 Substrate selectivitv
From studies of the enzyme kinetics for the O-methylation of various chlorinated 
phenols in homogenised apple flesh it was readily apparent the reaction occurred only 
when the substrate contained a chlorine substituent ortho- to the phenolic group: no
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corresponding anisole formation was detected with either 4-CP or 3,4,5-TCP. Of the 
2-substituted chlorophenols, construction of a Lineweaver-Burk plot for O-methylation 
under identical conditions suggested that the same enzyme was active for each 
substrate, with apparent values indicating reactivity according to the sequence
2.4.6-TCP >  2,6-DCP >  2,4-DCP >  2-CP. These findings tend to imply that the 2- 
chloro-substituent plays a key role in binding of the substrate to the enzyme, with the 
other substituents contributing to reactivity. Within the context of the established 8^2 
mechanism for O-methylation (Coward, 1977), this implies that the effectiveness of an 
o-chlorophenol as a nucleophilic entering group in displacing the thioether leaving 
group from SAM is controlled by the positions and nature of the other ring 
substituents.
Considering the mechanism in more detail, the nucleophilicity of the phenolic group 
depends upon the ease with which it is able to release its hydrogen atom for donation 
of the resulting lone pair of electrons to the bond with the electrophilic methyl group in 
SAM. Electronegative chlorine substituents confer an inductive effect upon the 
molecule (Sykes, 1975) which tends to promote formation of phenolate anion by 
delocalisation of the negative charge. This is illustrated for 2,4,6-TCP in Figure 90, 
and may be likened to the effect of substituent groups upon the acidity, or pKa, of the 
molecule. As inductive effects are most effective o \er short distances only, and tend to 
dissipate beyond two bonds (Sykes, 1975), it becomes readily apparent that, on the 
basis of the above reasoning, 2,6-DCP and 2,4,6-TCP, both with two chlorine groups 
ortho- to the phenolic group, will form more effective nucleophiles than 2-CP and 2,4- 
CP with only one ortho- chlorine. Chloro- substituents in the 4-position will exert only 
minor inductive effects upon the hydroxyl group, thereby explaining the order of O- 
methylation reactivity discussed above. More specifically, for this series of related 
compounds, a linear relationship was observed between Iog(apparent K J  and pKa 
(Figure 91), giving a calculated correlation coefficient of 1.000 by linear regression 
analysis.
The O-methylation of 2,4,6-TCP in apples was shown to be inhibited competitively by
2.6-DCP and, to a lesser extent, 2,4-DCP, which is consistent with the order of 
reactivity discussed above. In the presence of added concentrations of selected plant
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Figure 90: Inductive effects of chloro- substituents in 2.4.6-TCP
OH 
Cl0 1
phenolics, however, no inhibition was observed, suggesting either that catechol, caffeic 
acid and quercetin were unsuitable substrates for the enzyme which 0-methylates the 
chlorophenols, or that, under the conditions of a non-purified apple homogenate, 2,4,6- 
TCP was a far more effective substrate in competition for the same enzyme. Given 
that both caffeic acid and quercetin have been shown to be substrates in apple fruit cell 
suspension cultures (Macheix and Ibrahim, 1984), and that quercetin strongly inhibited 
the O-methylation of cinnamic acids by soybean caffeic acid 0-methyltransferase 
(Poulton et al., 1976), competition for the same enzyme seems less likely, which in 
turn implies the existence of a 2-chlorophenol 0-methyltransferase.
Independent fortification of homogenised apple flesh with catechol, in comparison with 
the chlorophenols, showed no reaction, as no increase in the O-methylated product, 
guaiacol, was observed with time. In the light of the foregoing discussion, this was 
somewhat unexpected, although it is conceivable that the reaction may have been 
suppressed by competitive inhibition from other naturally present phenolics in the 
homogenate. If this result is considered in terms of the above hypothesis concerning 
nucleophilicity, catechol may be likened to 2-chlorophenol, with a 2-hydroxy- 
substituent in place of the chlorine group. This contributes a smaller inductive effect 
than chlorine (Sykes, 1975), resulting in a pKa value of 9.48, comparable to phenol 
itself (Happer and Vaughan, 1971). On these grounds alone, it is reasonable to expect 
low reactivity in comparison to that shown by 2-chlorophenol, which itself was low.
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Figure 91: Correlation of pKa with apparent for chlorophenols in apples
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In a review by Poulton (1981) of the méthylation of lignin precursors by O- 
methyltransferases, the latter are often classified as catechol 0-methyltransferases 
because of their requirement for o-diphenolic substrates, although there appear to be no 
references to catechol itself as an effective substrate. The O-methylated product of 
catechol, guaiacol, is, however, a naturally-occurring plant phenolic, found particularly 
in beech-wood tar (Finar, 1973). This suggests that the reaction obviously must 
proceed but, in relative terms, is probably very slow and, for characteristic evaluation, 
should be studied in an isolated system.
Pursuing the comparison between the O-methylation of xenobiotic chlorophenols and 
natural plant phenolics further, the fact that the negligible reactivity of catechol and low 
reactivity of 2-chlorophenol in apples appear to be so consistent with their relative 
nucleophilicities suggests that the associated enzyme systems are very similar in nature. 
In other words, once the enzymes have fulfilled a role in bringing the reactant 
molecules together in the correct linear arrangement necessary for the 5^2 mechanism 
to proceed, reactivity is influenced primarily by the nature of the nucleophilic 
substrate. Initial binding of the two types of substrate groups must therefore be 
comparable, or if anything, more favourable for 2-chlorophenolic substrates as opposed 
to 2-hydroxyphenolics. In detailed studies of methyl transfer reaction mechanisms by 
Coward et al. (1973), the non-methylated hydroxyl group in the 2-position was 
suggested as playing a part in binding and/or catalysis, with a proposal for a general 
base-catalysed reaction as shown in Figure 92. The ready O-methylation of 2- 
chlorophenols, however, suggests that this is unlikely and that the primary role of the 
2-substituent is in binding to the enzyme, as the base catalysis mechanism is not 
feasible when hydroxyl is replaced by chlorine. This is also consistent with the fact 
that with o-diphenolic substrates, O-methylation of the second hydroxyl group to 
produce dimethoxy derivatives does not occur (Coward, 1977), i.e. the binding site on 
the substrate is lost upon introduction of the methoxy group.
4.3.2 Nucleoohilicitv and reactivity
Xenobiotics appear to be metabolised in the same general way in microorganisms, 
plants and animals (Shimabukaroo, 1982), yet the O-methylation of xenobiotic
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Figure 92: Proposed base catalysed reaction mechanism for the O-methvlation of substituted 
catechols fCoward et al.. 1973)
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chlorophenols has to date been reported only in the former, as a detoxification 
mechanism (Allard et al., 1987). Indeed, the aforementioned review by Poulton (1981) 
states that monophenols are not accepted as substrates for O-methylation in plants, and 
in animals, only an early study by Axelrod and Daly (1968) refers to a specific enzyme 
capable of O-methylating phenol itself, although this could not be established in vivo, 
as subsequently borne out by a specific study of the excretion and metabolism of '^^ C-
2,4,6-TCP in rats (Bahig et al., 1981), during which O-methylation was not observed; 
recovered residues occurred as unchanged 2,4,6-TCP, glucuronic acid conjugates or 
other trichlorophenol isomers. In this section, therefore, the mechanistic considerations 
discussed previously are related to biological O-methylation in broader terms.
Studies of the O-methylation of various halogenated phenols, catechols and guaiacols 
have been conducted in isolated cultures of several microorganisms, but principally 
rhodococcus sp. and acinetobacter sp., and in general have given results consistent c a p  
with O-methylation in homogenised apples. Suzuki (1978) demonstrated O-methylation 
of monohydric chlorophenols in mycobacterium sp. from soil, but confirmed that 
chloro-substituents ortho- to the phenolic group were necessary for reactivity. 
Haggblom et al. (1988(a)), showed that preferred substrates contained chloro- 
substituents in both the 2- and 6-positions relative to the phenolic group, and confirmed 
this in the study of parahydroquinones (1988(b)), stating that only trace amounts of 
activity were observed in substrates with only one orthochloro- group. A range of di-
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and tri-halogenated phenols was studied by Allard et al. (1987), who concluded that, 
whilst negligible méthylation was observed with 3,4-dichlorophenol and 3,4,5- 
trichlorophenol, as might be expected, there was no simple relationship between rate of 
reaction and substrate structure, an attempted statistical analysis of the correlation 
between reaction rate and substrate pKa being only marginally significant. This 
probably reflected the fact that nucleophilicity is determined by factors other than pKa 
alone (Carey and Sundberg, 1978), although the latter may provide useful guidance 
when the structures under comparison are similar in other respects such as molecular 
size and shape.
A useftil observation from the same study by Allard et al. was that no reaction was 
observed with 2,4-dinitrophenol, which on nucleophilic grounds may have been a 
potentially good substrate due to the relatively strong mesomeric electron withdrawing 
effects of these substituents (Sykes, 1975). This result therefore confirms the need for 
a suitable group in the 2-position to facilitate enzyme binding. The result for this 
substrate was confirmed in a subsequent extensive study by Neilson et al. (1988) in 
which the relative enzyme activités for numerous substrates have already been 
summarised in section 1.5.2, table 11. A general trend in reactivity shown from these 
studies involving microbiological cultures is summarised in Figure 93 using 
representative structure types. The order is consistent with that expected on the basis 
of the relative abilities of these molecules to form effective nucleophiles.
Figure 93: Relative reactivitv of representative xenobiotic phenols O-methvlated bv 
microorganisms
OH OH OH
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The 0-methylation of hydroxy cinnamic acid and flavonoid substrates in plants has
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already been discussed in section 1.5,3 with particular emphasis upon the various O- 
methyltransferase activities which have been reported. In each of these examples, the 
products formed are again consistent with nucleophilic considerations in that the 
predominant pathway for these 1-substituted 3,4-dihydric phenols involves O- 
methylation of the meta-hydroxyl group, i.e. the group having the greater tendency 
towards formation of the corresponding phenolate nucleophile. In tobacco cell 
suspenion cultures, for example, mainly meta-, but also some para-, directing activity 
was observed with protocatechuic acid (Figure 94), the meta-hydroxyl being slightly 
closer to the mesomeric electron-withdrawing effects of the carboxylic acid group. An 
example from a higher flavonoid structure is the natural relative abundance of 
anthocyanidins which are widely distributed in the leaves, flowers and fruits of higher 
plants (Harborne, 1964). Whilst méthylation of anthocyanidins possessing 3’- and 5 ’- 
hydroxyl groups is quite common, méthylation of 5- or 7-hydroxyl groups is rare 
(Figure 88), a pattern which again is consistent with the relative ease of formation of 
the attacking nucleophiles.
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Figure 94: Meta- and para- O-methvlation of protocatechuic acid
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Worthy of note is the observation made during the discovery of o-diphenoiic 
methyltransferase in apple by Nelson and Finkle (1964) that the activity of the enzyme 
appeared to increase when the pH was made slightly alkaline; presumably this was 
because the substrate, caffeic acid, had a greater tendency to form the more effective 
phenolate nucleophile under these conditions. This characteristic could be of 
significance in the variation of O-methylation capacity between different fruit types, 
discussed in section 4.2.2.
Reported O-methylation reactions in animals are consistent with those in plants, the 
reviews by Guldberg and Marsden (1975) and Borchardt (1980), discussed in section 
1.5.4., providing many examples of physiological substrates which follow the 
established pattern. In particular, O-methylation is the major route of metabolic 
deactivation of many catecholamine hormones (Parke, 1968). Of direct relevance to 
the current discussion are some early studies on the metabolism of plant phenolics in 
animals. Protocatechuic acid is metabolised in rats by dehydroxylation and conjugation
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with glucuronic acid or sulphate on one of its hydroxyl groups, but also undergoes 
partial O-methylation in the meta-position (Dacre and Williams, 1962). The product of 
this O-methylation, vanillic acid, was identified as a metabolite in the study of the 
metabolism of vanillin in rats (Wong and Sourkes, 1966) and found to be further 
metabolised to catechol (Figure 95). The latter was found mainly in conjugated form, 
with no indication of O-methylation, which is consistent with the suggestion that this 
compound itself is a relatively poor substrate for o-diphenolic methy Itransferases.
Figure 95: Metabolism of vanillin in rats
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Decarboxylation
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Finally, a study of the O-methylation of iodinated phenols in rabbit liver (Tomita et al., 
1964), as part of an investigation of the metabolism of thyroid hormones, apparently 
distinguished an iodophenol O-methyltransferase from catechol O-methyItransferase. 
The results of the study, however, fit with the aforementioned criteria in that reaction 
was observed only for 2-iodophenols, with far greater activity for derivatives in which 
the phenolic group was flanked by two iodo-substituents.
In summary, therefore, the previously unreported O-methylation of xenobiotic 2- 
chlorophenols in apples, bananas, citrus skin and presumably a range of other fruit yet 
to be identified, is consistent with the pattern already established for O-methylation 
reactions in microorganisms, plants and animals. In all cases reactivity considerations 
are similar, even though specific forms of an O-methyltransferase enzyme may be 
implicated.
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4.4 Future considerations
4.4.1 Implications for pesticides
The existence of a mechanism by which certain fruit have been found to be able to O- 
methylate 2-chlorophenolic compounds has some important implications for the use of 
agricultural chemicals, primarily due to the significant potential for particular 
chlorinated anisole species to cause undesirable off-flavours in food commodities. If 
the risk of such taints is to be removed completely from treated produce, synthesis of 
future pesticides containing chlorinated phenoxy moieties should be avoided, and the 
use of the latter as synthesis intermediates should also be carefully considered with 
respect to the risk of potential taint problems caused by trace impurity levels of these 
compounds. In practice, however, the choice of effective phenoxy moieties need not 
be so restrictive, for it is clear that the O-methylation of xenobiotic phenols requires a 
suitable ortho-substituent before binding to the active O-methyltransferase can take 
place. Review of the scientific literature in combination with the findings from this 
thesis suggests that a hydroxyl group or any of the halogens (although no reports relate 
to fluorine as yet) would fulfil this role; conversely, no reaction would be expected 
from nitro- or methoxy- substituents. Furthermore, even with an active ortho­
substituent, potential taint intensity would depend upon the types and combination of 
substituents in the phenyl ring. Flavour detection thresholds differ markedly between 
the various chlorinated anisoles, for instance (Griffiths, 1974; Gee et al., 1974), with 
significantly lower thresholds reported for the 2,4,6- and 2,3,4,6- derivatives compared 
to other di- and tri-chlorinated analogues. Further studies (Griffiths and Fenwick, 
1977) have also shown a notable decrease in musty character of the chloroanisoles as 
the chloro- groups become replaced with methyl groups. As 2,4,6-TCA residues 
derived from commercial treatments with prochloraz have generally been very low 
(< 0 .1  fig/kg) and tending towards postulated flavour detection thresholds in the crops 
tested, it is reasonable to anticipate a negligible taint risk from analogous anisoles with 
less potent characteristics. Having said that, however, it is also important to consider 
the taint potential of the parent phenols per se^ as certain structures may possess 
particularly low thresholds for ’disinfectant-like’ off-flavours (section 1.4.2). This
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appears to have been the case with the pesticides tolclofos methyl and profenofos, 
which, as discussed in section 1.2.3, form 2 ,6-dichloro-4-methyIphenoI and 4-bromo-2- 
chlorophenol, respectively, by metabolic degradation.
Broader consideration of other existing pesticides in terms of the foregoing discussions 
suggests that, in the category of EBI fungicides, only prochloraz and triadimefon, a 
triazole EBI (section 1.3.3), would be expected to produce chlorinated phenols by 
degradation of their respective 2,4,6-trichloro- and 4-chlorophenoxy moieties. The 
absence of a 2-chIoro- substituent in the latter precludes any subsequent O-methylation 
to the corresponding anisole and thus poses a negligible taint risk. Several other EBI 
fungicides contain chlorinated phenyl moieties rather than chlorinated phenoxy groups, 
but would be very unlikely to give rise to taint problems unless the formulated products 
used in practice contained the corresponding chlorophenols as impurities from product 
synthesis.
Looking further afield to other classes of pesticides which contain chlorophenoxy 
moieties, degradative routes to the corresponding chlorophenols are possible for 
selected phenoxyalkanoic herbicides (Hassall, 1990), diphenyl ether herbicides 
(Cremlyn, 1991) and the acaricide chlorfenson (Hassall, 1990). The chemical 
structures of these compounds (Figure 96) indicate that either 4-chlorophenol, 2,4- 
dichlorophenol or 2,4,5-trichlorophenol may be produced. Apart from the former, 
which, as discussed above in relation to triadimefon, would not be expected to undergo 
O-methylation, the corresponding chloroanisoles would have significantly higher 
sensory detection thresholds than 2,4,6-TCA, and accordingly would have to be formed 
in more readily detectable concentrations for associated taints to become perceptible. 
The apparent absence of such associations in the scientific literature suggests that these 
situations do not readily arise.
In terms of further developments with prochloraz, a major recommendation must be to 
avoid use situations where an active O-methyltransferase might be expected. Although 
not entirely representative of field-use conditions, measurement of the potential for
2,4,6-TCA formation in 2,4,6-TCP-fortified homogenised fruit, using the sensitive 
residue methodology developed as part of this thesis, has proven to be a useful
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Figure 96; Other pesticides capable of producing chlorophenol residues 
A) Diphenyl ether herbicides
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indicator of taint potential, with good correlation to positive, negative and equivocal 
taint classifications in several different fruit types. Accordingly, this would appear to 
be a logical initial step to take as part of any planned expansions to the crop spectrum 
of prochloraz. For post-harvest uses, it is clear that potential benefit may be gained 
from developing purified formulations as a means of reducing the taint risk, although in 
practice an extremely high specification may be desirable (<0.01%  2,4,6-TCP) to 
avoid exceeding the extremely low flavour thresholds for the derived 2,4,6-TCA. The 
use of purified products may therefore be most feasible in areas of equivocal taint 
classification, such as tomatoes, where a more practical purity specification may be 
successful. In all cases, however, opportunities for chemical degradation of 
prochloraz, as well as metabolic activity, need to be carefully assessed.
4.4.2 Further research
The aim of this thesis in devising an analytical means of exploring the cause of taints in 
fruit arising from the use of the fungicide prochloraz has been successful in confirming 
the implication of trace residues of 2,4,6-TCA derived from the corresponding 2,4,6- 
TCP as the precursor. An active O-methylation mechanism existing within the fruit 
themselves was found to be responsible for this conversion, a mechanism previously 
unconfirmed for xenobiotics in plants. These findings leave scope for further research 
into several related aspects, although the emphasis should be placed upon more 
extensive investigation into the nature of the O-methylation reaction in plants and the 
factors which have a significant influence upon it.
The most fundamental issue to address is the need to determine more specifically the 
closeness with which the O-methylation of xenobiotic chlorophenols in plants 
approximates the O-methylation of flavonoid compounds during phenylpropanoid 
metabolism, and consolidate the reasoning with respect to the nucleophilicity of the 
reacting substrates. Logically, one should choose an active matrix such as apple fruit 
as a primary model for such studies, then attempt to isolate the appropriate enzyme 
fraction. With reference to earlier studies of o-diphenolic O-methy Itransferases in 
plants, a sensible approach would appear to be to prepare cell suspension cultures 
(Mumma, 1987) from which respective enzyme fractions may be extracted and then
-247-
separated using gel permeation chromatography. This technique has been successfully 
used to purify enzyme fractions said to be specific for the O-methylation of caffeic acid 
and quercetin, respectively, from apple fruit cell suspension cultures (Macheix and 
Ibraliim, 1984). Relative activities and cross-reactivities could then be determined for 
representative structures, probably caffeic acid and quercetin, in view of their previous 
evaluation, alongside selected chlorophenols, initially 2,6-dichlorophenol and 2,4,6- 
TCP, which have displayed the highest reactivities during the current studies. 
Experiments conducted with varying substrate concentrations at fixed enzyme 
concentrations under non-competitive conditions could be used to determine relative 
rates of product formation and hence relative enzyme select!vities, from which
the existence of specific 2-chIorophenol O-methyltransferase activity may be further 
suggested or refuted. Working with isolated enzyme fractions would also facilitate 
more extensive investigations to expand the theory linking reactivity to substrate 
nucleophilicity, as compounds such as catechol with relatively low reactivity are 
difficult to evaluate in the competitive environment present in plant homogenates. 
Within this group of experiments, it would be interesting to compare 2-chlorophenols 
and o-diphenolics containing similar secondary substituent groups which confer 
nucleophilicity, for example a nitro- group in the 4- or 6- position, in order to establish 
the principles of the relationship between log(K J and pKa within each series of 
phenols, and provide a further indication of mechanistic similarities.
The sensitive analytical methodology developed during this thesis provides a means of 
reliably quantifying both product and precursor in the O-methylation of chlorinated 
phenols. For the quantification of product in relation to the series of experiments 
described above with plant cell suspension cultures, however, there may be limited 
applicability of this approach which employs extraction by steam distillation. Partition 
of the enzyme extracts into a suitable organic solvent prior to determination by 
GC/MSD may overcome this, although overall method selectivity may be reduced. An 
alternative approach for this particular series of experiments could be to include the 
fortification of extracts with *'*C-radiolabelled methionine which, by incorporation into 
the activated methyl cycle (discussed in section 1.5.1), would lead to radiolabelled O- 
methylated products which could then be determined by HPLC using radiodetection.
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A further aspect worthy of consideration using cell suspension cultures is the 
identification of a possible requirement of the enzyme system for divalent metal ions. 
Whereas it has previously been suggested that Mg^ "^  ions are necessary cofactors for O- 
methylation in animals and less so in plants (Poulton, 1981), there have been some 
reports to contradict this (Ebel et al., 1972). A requirement for such a cofactor in 
plants potentially able to 0-methylate chlorophenols could, at least in principle, provide 
a possible route towards enzyme inhibition by complexation with the metal ion and the 
consequent minimisation of chlorinated anisole taints.
Having studied the O-methylation reaction at a more fundamental level, numerous 
experiments could be conducted to explore the variation with sample type and 
associated parameters, using the conversion of 2,4,6-TCP to 2,4,6-TCA as the test 
system in conjunction with the established analytical method. Homogenates from the 
fruit of related species such as lysaceae, which includes apples, pears and cherries, 
may help to establish trends related to flavonoid chemistry in particular sub-fractions of 
the fruit, although clearly it is equally desirable to pursue the reasons for the apparent 
absence of the enzyme mechanism in fruit such as the avocado. With respect to the 
latter, it would certainly be of interest to look at the fruit flesh and peel separately, and 
maybe to include experiments with homogenates buffered to elevated pH conditions 
which theoretically would enhance formation of phenolate nucleophiles and promote 
any reactivity which is likely to occur. Avocados are a climacteric fruit for which the 
ripening process begins once the fruit have been removed from the plant (Rhodes, 
1970). With tissue permeability increasing during this phase as the fruit enters 
senescence (Galston and Davies, 1970), analysis of aged fruit could be included, 
although logically, if the enzyme system is constitutive, as suggested by experiments 
with apples, one might expect the substrate to reach the active site during 
homogenisation.
Discussion thus far has centered on O-methylation in fruit, which themselves represent 
a relatively small part of plant development. The study of xenobiotic O-methylation in 
other plant parts, such as roots, stems and leaves, is equally valid and may prove to be 
significant in terms of off-flavours arising in the edible portionss of the plant if 
translocation of the reaction products is feasible. Experiments conducted during this
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thesis have shown that 2,4,6-TCA, and to a lesser extent 2,4,6-TCP, penetrates readily 
into the fruit flesh of apples. The translocation of chlorinated anisoles, particularly in 
crops whose fruit do not in themselves appear to have the ability for O-methylation of 
chlorinated phenols, is therefore an area appropriate for further study. Related to this 
is the potential for uptake of soil residues into plants, which has already been 
speculated for tomatoes where 2,4,6-TCA residues have arisen from soil treatments. 
This may also provide an explanation behind the observation that the analysis of 
untreated fruit samples has often shown them to contain trace residues of 2,4,6-TCP. 
As stated in earlier discussions, chlorophenols appear to be virtually ubiquitous in the 
environment at very low concentrations, due to various industrial uses of chlorine and 
chlorinated phenols. The confirmed uptake of residues into plants from both soil and 
water would be an obvious cause for concern which could be pursued via 
environmental monitoring studies. Adaptations of the methodology developed in the 
course of this thesis could be used in analytical programmes designed to help contain 
residues within acceptable limits from a toxicological viewpoint.
In concluding, the direction of further research as indicated in the preceding 
discussions will help to develop a fuller understanding of the phenomena studied in this 
thesis, with important implications for the preservation of desirable standards of food 
quality, not least with respect to the effective use of agrochemicals.
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